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SUMMARY

The objective of this program has been to explore a novel

method for reducing the dopant concentration fluctuations in

detector-grade silicon grown by float zoning. The approach

employed has been the incorporation of a magnetic field into the

growth process and the study of its effects on the striations

produced by nonuniform doping levels. This work has extended

over a three-year period, roughly divided into three phases by

the availability of the magnet systems used. The first two

systems fit within the growth furnace and were limited in field

strength to less than 2000 G. Because the results obtained with

these two systems were only suggestive of the important results

that have come later, we have concentrated the discussions in

this report on the findings resulting from the use of an

external magnet system that produces field strengths of 5000 G.

Major discoveries have been made that promise to provide a

meaningful improvement in the spatial uniformity of the dopants

in detector-grade silicon. In this summary we will review these

new results and their implications for future activity.

Experimental details can be found in Sections III and IV of this

report.

The use of magnetic fields at strengths above 3000 G has

produced significant effects on the character of float zone

crystals. When the field is transverse to the growth axis, the

striation patterns seen in the gallium-doped silicon crystals

are altered in a major way. However, the fluctuations of the

dopant concentration do not appear to be significantly reduced.

If the field is oriented along the growth axis, then a major

alteration of the flow within the melt zone occurs, with the

formation of a "stagnation" region centered on the growth axis.

In this region, the boundary layer appears to be considerably

thickened, thus shielding the growth interface from most of the

turbulence in the melt volume. The result is a "core" in which

°1
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the dopant concentration in the crystal is increased

considerably and fine scale fluctuations are greatly reduced.

If, in addition, the crystal is not rotated during growth, the

dopant concentration in the core region attains a uniformity

never before observed in float zone silicon. These results with

the strong axial field have occurred within the final month of

the contract effort and thus have not yet been investigated to

the detail necessary to define all of the important parameters

contributing to the exceptional dopant uniformity.

To assess the dopant uniformity in the core region, we have

used spreading resistance scans along the growth axis and also

across the diameter of the crystal. Spreading resistance is the

most quantitative means of characterizing dopant fluctuations;

the dopant distributions displayed agree qualitatively with

those revealed by the striation etch patterns formed when a

* polished crystal surface is given a stain etch that is sensitive

to dopant concentration. Later in this report there are many

examples given of these two types of characterization. Here we

will show only two examples to illustrate the relative reduction

in fluctuation levels produced by the strong axial field. In

Figure 1 are shown several spreading resistance scans taken

along the growth axis for sections of crystals grown under

differing conditions. The best standard of uniformity that we

have is neutron transmutation doped silicon in which the dopant

is added isotropically after the crystal is grown. In addition

to the scan from this "standard", we show data that represent

typical fluctuation levels obtained under a variety of growth

conditions, as indicated on each curve. The amplitude of the

resistance fluctuations is plotted on a common logarithmic scale

to permit comparison of relative magnitudes. The curves have

been arbitrarily displaced vertically fLom one another to avoid

overlap. It is apparent that the fluctuations for the core of

the crystal grown with no rotation in the 5000 G field are

2
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74312-22
NTD STANDARD SAMPLE (SR486SP.NTD)

CORE REGION, 0 RPU, 5000 G AMIL FIELD (SRJ44SPACI)

7YPC4L DETECTOR GRADE CRMSAL, 12 RPM. M4GNET OFFC (SRJ22SPACI)

CENTER OF CRYSTAL. 0 RPM, 5500 G MRNSVIERSE FIELD (SR322SP.ACJ)

0.0 0..2 0.4 0.8 0.8 1.0 1.2
CMd

Figure 1. Spreading resistance for crystals prepared
with various growth conditions. The
fluctuation level for the core region of
the 0 rpm, 5000 G crystal is the lowest
we have ever obtained for float zone
siiica.
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considerably lower than those of normal detector grade crystals

as well as all other specimens grown in the presence of a

magnetic field. Figure 2 shows spreading resistance scans taken

across a diameter of some specimens that illustrate the

formation of the core in the stronger axial fields. At present,

the diameter of this core region is about 8 mm in a crystal with

an overall diameter of 24 mm. The discovery of this uniform

core in a non-rotating crystal is a finding of major importance

to the eventual production of detector-grade doped silicon of

superior uniformity. As the sophistication of focal plane

arrays increases, the need for better material uniformity will

assume even greater importance than it has now. We believe that

the results of this program, if properly exploited, will lead to

* the exceptional uniformity needed in future detector systems.

Another discovery of potential importance to the

understanding of the float zone process is the effect of a

strong transverse field on the morphology of a non-rotating

crystal. In normal float zone growth, the crystal must be

rotated to minimize the effects of a nonsymmetric addition of

energy from the asymmetric rf heating field. This rotation

results in a growth interface which approximates axial symmetry

and is usually concave to the melt, often giving a nearly

spherically shaped interface and a circular cross section to the

crystal. qeveral examples can be found in the body of the

report. When a crystal was grown without rotation in a strong

field of 5500 G, the cross section of the crystal became

elliptical and the growth interface became cyLindrical in

contrast to the normal spherical shape. The generatrix of the

* cylinder was aligned with the field and, if the seed was rotated

to another stationary orientation in the field, the cylindrical

surface immediately realigned itself to the new field direction.

Figure 3 shows a crystal grown under these conditions. About

halfway along the crystal, the seed was rotated through an angle

4
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RAD4AL SPREADING RES/STANCE SC4N5 FOR AXIAL FIELD CRYSTALS

3700 G. SR-qJJ7S.R3 P

MO00 Q, SR3YISP.RJ

0.0 a5 7.0 11.5 2.0
Cmd

Figure 2. Radial spreading resistance scans for
crystals grown in an axial field.
The core region is only well
developed for fields above 3200 G.
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FIELD DIRECTION

, 7/

FIELD DIRECTION

Figure 3. Morphology of crystal Z321 grown without
rotation in a 5500 G transverse field.
The seed was rotated by 90 degrees
halfway through growth and the elliptical
cross section reoriented itself in the
field.
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of 90 degrees and the realignment of the elliptically shaped

crystal is apparent. It is significant that the location of the

non-rotating sections of the crystal was quite stable with

respect to the growth axis, a condition not usually observed in

the absence of the magnetic field. Striation etch patterns of

the non-rotating sections reveal very unusual patterns that are

not yet fully understood, but which apparently are the result of

forced oscillations of low frequency in the melt volume. A

study of these flow patterns, which occur in the absence of

crystal rotation, may reveal details of turbulent flow in the

melt which have thus far eluded experimentalists.

Unfortunately, the added stability of non-rotating sections

observed with the strong transverse fields has not been seen

with an axial field. Rather, there is a strong possibility that

the axial field destabilizes the non-rotating crystal. More

work is needed to properly characterize the growth parameters

that will eventually lead to useful volumes of homogeneous core

material for use in detector fabrication. Future work should be

concentrated in four areas: (1) application of modeling theory

to the present results and the performance of new experiments to

increase our understanding of the physics of mass and energy

transport in the float zone process; (2) development of

techniques for controlling the stability of crystals grown

without rotation in an axial field; (3) establishment of the

growth parameters that control the homogeneity and doping levels

in the core region of non-rotating crystals; and (4) Extension

of the present results to crystals of larger diameter. We

believe that coordinated efforts in these four areas will lead

to a level of quality for detector grade silicon that has never

before been attained.

7
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SECTION I

INTRODUCTION

Uniform IR responsivity is a desired feature of extrinsic

silicon detector focal plane arrays. This uniformity of
responsivity requires that the Si material from which the arrays

*are fabricated must possess uniformly distributed dopants.

Previous work on the LADIR Materials Program [11 examined the

causes of dopant non-uniformity in float zone Si crystals and

related these to the conditions existing during growth of the

crystal. Non-uniform doping causes striation patterns that are

revealed by selective etching or that can be detected by

resistivity measurements. In the previous work, fluctuations in

the concentration of both minor and major dopant species could

not be completely eliminated by using only the normal set of

growth parameters available to the crystal grower. Therefore,

preliminary experiments (21 were conducted to determine if the

incorporation of a transverse magnetic field into the float zone

process could provide an additional growth parameter that would

allow further reduction of dopant fluctuations. The apparent

success of these early experiments led to the initiation of the

present program in which a more thorough investigation has been

conducted.

In the first phase of this program, the preliminary

experiments were expanded to include as broad a range of

conditions as was possible with a small permanent magnet located

within the growth furnace. This magnet was limited to a fixed

field strength of about 1800 G and was not practical for
conducting experiments with varying field strengths. The next

step in the program was the construction of a simple

electromagnet that would fit within the furnace and provide a

range of field strengths. Because of space limitations, this

first electromagnet was capable of reaching a field strength of

only 1600 G. The results from crystals grown with both the

9



permanent magnet and the electromagnet were presented in the

first interim report [3]. It was concluded at that time that

higher magnetic field strengths must be investigated if we were

to realize any real benefit from a magnetic field.

The second interim report [4] of this program presented the

- results obtained with an electromagnet that was specially

designed to fit within the growth furnace and provide a field

strength of 3000 G. Because of the severe configurational

constraints, this magnet required several compromises in its

design to achieve the desired field strength. In particular, it

produced a solenoidal field that was inclined at an angle of

about 40 degrees to the growth axis. It was given the name

"tilted solenoid" magnet because of its physical configuration

and the resulting field direction. This field orientation,

consisting of both axial and transverse components, complicates

analysis of the interactions of the magnetic field with the

molten zone above the growing crystal. Nievertheless, the

experience gained both with the use of this magnet and also with

the means for evaluating the striation patterns of crystals

grown in its fields has proved invaluable in defining the

equipment and techniques which have made possible the results

which constitute the bulk of this Final Report.

Not long after experiments began with the tilted solenoid

magnet, it became apparent that its thermal design was grossly

inadequate. Although the magnet was capable of producing the

3000-G magnetic field for which it was designed, the current

required for this field strength resulted in heat losses within

the magnet which were much larger than could be removed by the

water cooling system internal to the magnet. Consequently, we

were never able to operate this magnet at its full field

strength for more than a few seconds. The highest field that

"' could be sustained during crystal growth was 2000 G. Even at

lower fields, the heat generated within the magnet over the

10
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course of many experiments lead to the failure of the electrical

insulation in the interior of the magnet. Although the crystals

grown in the field of this magnet were limited by geometrical

constraints to a diameter of 2 cm, the techniques developed to

analyze them have proved very useful in subsequent work. The

results, though taken to be of limited value at the time, are

now seen as consistent with later results obtained under more

carefully defined conditions. Moreover, the experience gained

with the tilted solenoid magnet system led to the design of a

markedly different growth procedure and an external magnet

system with adequate cooling capacity to allow both axial and

transverse magnetic field strengths up to 5000 G. Work with the

strong fields of this new magnet system has led to observations

e of unique dopant distributions.

~.9



SECTION II

BACKGROUND INFORMATION

The use of magnetic fields during the growth of a variety

of crystals has been the subject of several investigations in

recent years [5 - 1. The application of a magnetic field has

*resulted in improved material for both Si and GaAs crystals

grown by the Czochrolski (CZ) method [9 - 11]. The improvement

is due to reduced temperature gradients in the melt as well as

to a reduction of convection currents which normally enhance

dissolution of the growth crucible with a consequent

incorporation of contaminants into the crystal. The furnace

configuration for CZ growth is well suited to the use of

solenoidal superconducting magnets which provide axial or

* transverse fields of several kilogauss at reasonable power

inputs.

For the float zone process,the circulation currents present

in the molten zone are known to be more complex because of the

peculiar configuration of the molten zone and because of the

presence of several driving forces that can potentially

contribute to convection. These driving forces are still not

well characterized and the circulating flows that they produce

are the subject of on-going research [12]. In Appendix A, these

forces are discussed along with the Navier-Stokes equation,

modified to include the Lorentz force resulting from the

magnetic field interaction with the conductive silicon melt. As

yet, analytic solutions to this equation are not worked out for

boundary conditions corresponding to real growth configurations,

but progress is being made with numerical approximation methods

1131.

The overall objective of this program is the reduction of

the spatial variation in dopant concentration brought about

primarily by temporal variations in growth rate caused by

temperature fluctuations near the growth interface. The

13
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approach that has been followed was to use a magnetic field to

alter the melt circulation currents with the expectation that

,- -dopant fluctuations could thereby be reduced. Because theory is

not yet well enough developed to be of practical use in

predicting the effects of the magnetic field, an empirical

S, . attack on the problem had to be made. Much has been learned

- about the effects of a magnetic field on dopant distribution,

*and the results promise to increase our understanding of the

complex growth process and eventually to provide substantially

improved detector grade silicon.

0



SECTION III

EXPERIMENTAL PROCEDURES

A. FLOAT ZONE GROWTH WITH A MAGNETIC FIELD

1. Exploratory Phases of Program

In the earliest part of this program, crystals were grown

between the poles of a small electromagnet located in the ECCO

ZP-7 float zone furnace so as to provide a transverse field in

the region of the melt zone. Figure 4 shows the electromagnet

positioned just below the growth coil. The diameter of the

crystals was restricted to 2 cm by the pole separation of about

2.4 cm needed to achieve a field strength of 1600 gauss.

Early visual analysis of striation etch patterns for the

crystals grown at various field strengths in this magnet

indicated that even higher field strengths should be

investigated. Discussions with several magnet manufacturers

about the design and construction of a magnet that would fit

within the limited space available outside of the growth chamber

had already shown that the emplacement of such a magnet would

not be simple and that the degree of difficulty would increase

with the maximum field strength desired. Because the internal

placement of a magnet would not require extensive modification

of the furnace, it was decided at that time to design a new

internal magnet to give higher fields. The objective was to use

the stronger internal magnet to determine if there existed a

maximum field beyond which we did not need to go. It seemed

desirable to look for the possible existence of a maximum field

before committing resources to a large magnet and probably to a

substantial modification of the furnace as well.

Continued discussions with magnet manufacturers soon

revealed that the design of an internal magnet capable of

providing 3000 gauss in a transverse field configuration was

also beyond the design capability of those that we contacted.

15
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Figure 4. Electromagnet mounted in the
float-zone furnace.
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Through the efforts of the Program Sponsor we located a vendor

willing to undertake the design and construction of an

experimental magnet small enough to fit within the furnace and

likely to give a field of 3000 gauss. The penalty that we had

to accept to arrive at a workable design involved the location

of the magnet concentrically around the rf growth coil and the

acceptance of a field orientation that was a mixture of axial

and transverse. With the help of a computer program available

at no cost from Livermore Laboratories, the vendor arrived at a

final design that appeared to be optimum for the severe

geometrical constraints imposed both by the furnace

configuration and by the need of the crystal grower to observe

the melt zone. At that point the decision was made to proceed

with this compromise design with the expectation that it would

help resolve the question of the maximum field to be needed

later for the growth of detector grade crystals. This magnet

has been designated as the "tilted solenoid" because of its

configuration and field orientation, as can be seen from Figures

5, 6 and 7. In its electrical design the magnet performed as

expected, generating a field of 3000 gauss at the maximum design

current of 80 A. However, its thermal design was grossly

inadequate and the magnet was not capable of operating above

30 A for more than a few minutes without intense overheating.

During the course of its use, the electrical insulation

separating the coil windings gradually deteriorated until

internal shorts developed. Because the magnet surrounded the

growth region, the crystal grower was forced to use a relay

mirror to gain visual access to the growth regions. This

complicated the growth procedures and made it very difficult to

preserve single crystal growth. Also, slow decomposition of the

organic materials in the magnet contributed carbon to the

furnace atmosphere and helped to discourage single crystal

growth.

17
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Detailed discussions of the crystals grown in the field of

this magnet were given in the Second Interim Report [4].

Although the results of experiments conducted with this magnet

left unresolved the determination of a maximum field strength,

they did lead to the development of a method to proceed which

has clear advantages over any originally envisioned. Analysis

of crystals did not yield a consistent picture of the effects of

the "tilted field" on the flow or circulation patterns in the

molten silicon. However, the analysis efforts contributed to

the evolutionary development of an evaluation method which has

proved very useful in the remainder of the program. We now

recognize that the results were giving "hints" of effects which

_0 became more obvious with the application of stronger fields.

2. Final MagnetSystem

The experiences described above with the tilted solenoid

magnet established quite clearly that operation with a magnet

inside of the furnace was not practical. Not only is there a

serious constraint on the magnet volume, any outgassing or

decomposition of the magnet structure is fatal to the growth of

single crystals as well. As mentioned above, positioning of a

magnet externally to the furnace did not seem any easier. If

cost were no factor, the choice for an external magnet would

probably be a superconducting magnet because of its relatively

low power requirements. Discussions with American Magnetics, a

major domestic source of such magnets, revealed that there is a

practical lower limit to the size the superconducting magnet

coil. Our ECCO furnaces are not large enough to accommodate

even the smallest coil that is now commercially available.

We therefore redesigned the furnace to allow an external

magnet of conventional design to be positioned close enough to

the growth region to provide fields of at least 5000 gauss

without requiring an abnormal power input. This was

accomplished by moving the growth region from its normal

21
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position at the same level as the rf coil feedthrough to a

position several inches lower in the furnace. This

repositioning allowed the substitution of a 4-inch diameter

quartz tube for the steel furnace walls. The magnet could then

be located around the quartz tube and oriented for either a

transverse or an axial field direction. With a pair of coils,

-each consisting of 88 turns of water-cooled hollow core copper,

and a total power input of 30 kW or less, we have readily

generated fields of 5000 gauss with no heating problems.

Location of the magnet coils outside the furnace allowed the use

of conventional materials for construction and eliminated the

volume-related constraints encountered previously with the

electrical and thermal design of the tilted solenoid.

The new placement of the work coil has resulted in a

reduced coupling efficiency in the rf circuit which has limited

the maximum diameter of crystals to about 30 mm. With a better

rf power supply, this limitation could be removed and crystals

could be grown in this configuration at a diameter large enough

to supply 2-inch wafers. The quartz tube and the magnet

spacings allow the crystal grower a good view of the growth

region. In Figure 8 the magnet is shown with an iron yoke and

4-inch pole pieces mounted just outside the quartz tube in the

transverse field conEiguration. The rE coil is clearly visible

to the grower and is located in a field region uniform to within

a few percent. The magnetic field strength produced in this

configuration is shown in Figure 9. For an axial field, the

coils are mounted as shown in Figure 10 and the resulting field

strength is given in Figure 11. This new magnet system has

• worked very well and constitutes an experimental tool with

unique capabilities, as will be described later.
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B. Crystal Evaluation Techniques

In the past, the nature of the striations in float zone Si

crystals has been determined by visual observation of the

patterns revealed on a striation-etched wafer and by spreading

resistance measurements on a polished surface. Both of these

methods have proved useful in studying growth parameters and

their effects on the magnitude of the striations. However, it

would be helpful to have the quantitative data from the

spreading resistance measurements in a more useful form and to

have analytical options not previously available. For this

reason, we have collected the spreading resistance data with a

computer so that we may analyze the data in more sophisticated
0 ways than is practical with data that is recorded only on graph

paper, as was done earlier. In particular, one can readily

generate power spectral density data by means of the fast

Fourier transform (FFT) and thus be able to recognize spatial

and temporal frequencies in the dopant concentration

fluctuations that may be related to the growth parameters. In

order to improve the spatial resolution so that we may see

* "high" frequency phenonema, we have adopted the use of a single

point probe instead of the two-point probe that we used in the

._ past. The single probe technique requires a low impedance

contact to the back of the sample to complete the circuit.

After some experimentation, we perfected an indium solder
S

contact that works quite well with Si:Ga. With a carefully

dressed probe it is possible to reduce the sample spacing to 5

-.m and thus in principle to be able to detect higher spatial

frequencies than was possible with the 20-,m spacing used0

earlier with the double point probe. After taking considerable

data at the 5-om spacing for crystals grown in the tilted

solenoid, we discovered that the spreading resistance apparatus

* did not provide a uniform spacing at this separation and we have

taken all subsequent data at a spacing of 10 jm for which the

27
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spacing is quite aniform.

To illustrate the nature of the computer collected data, we

will present first a specific example, typical of much of the

data collected. This example is from crystal Z285 which was

grown early in the life of the tilted solenoid magnet when it

was still able to provide a field of 2000 gauss. For purposes

of illustration, we will show the original spreading resistance

data, the striation etch pattern, and corresponding FFT analyses

for this region of the crystal, but will defer any discussion of

the data until the next section. Both the spreading resistance

data and the striation etch pattern for crystal Z285 show

obvious differences between the regions with and without the

field. Figure 12 is a computer drawn graph (file number

SR285SP.AHI) of the spreading resistance data in the vicinity of

the transition from the region with the magnet on at 2000 gauss

to the following region in which the magnet had been turned off.

In Appendix B, we explain the numbering system by which the data

and FFT files are identified and also the meaning of the

coordinate systems for their graphs. The original data plotted

out by the spreading resistance apparatus for these same regions

are given in Figure 13. In this and all following spreading

resistance plots, the scanning direction is from the seed end

toward the tang end of the specimen. Figure 14 shows a

photograph of the striation etch patterns for this part of the

crystal. The location of the point at which the magnet is

turned off is not difficult to find from these records and one

would presume that the analysis of such data by the FFT method

o would not add much new insight. This is indeed the case, as can
be seen from the power spectral density curves given in Figure

0
15 in which the Gtrong periodicity associated with the "magnet

* - on" region corcesponds to the the actual rotational frequency of

15 rpm.
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Figure 12. Spreading resistance data for
crystal Z285.
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14160-86

Figure 14. Striation etch pattern for the
region of crystal Z285 in
which the field was removed,
See Figure 4-9.
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Figure 15. Power spectral densities for crystal Z285.
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In contrast to the data from crystal Z285 is that from

* "crystal Z292 which was grown under lower magnetic fields and

contains a region in which the crystal was grown without any

rotation. This zero-rotation condition is not typical of the

2-in. crystals grown for detector applications. However, it

may present an opportunity to study high frequency circulation

currents in the silicon melt in the absence of a masking

influence caused by rotational effects. In the non-rotating

region, the magnetic field, at a strength of about 900 gauss was

turned off. When one looks at the spreading resistance data

around this transition from on to off, it is not obvious where

the transition actually occurs. In Figure 16, the pattern of

resistance fluctuations does not show a distinct character

change as was seen in the earlier data of Figure 12 for a

similar transition in crystal Z285 at a higher field strength.

The striation etch pattern should show a change when the

magnetic field was removed; however, we were unable to obtain

good striation etch patterns of the crystal region represented

in Figure 16, probably because of the relatively low Ga

concentration. However, if one takes FFT's of the "early" and

"late" regions of the data in Figure 16, corresponding,

respectively, to magnet-on and magnet-off regions, then a

distinct difference in the power spectral density occurs at some

frequencies, as can be seen in Figure 17.

At the present we are still not sufficiently acquainted

with this analysis method to be able to draw definite

conclusions from such subtle differences as seen in Figure 17.

However, we will discuss similar data in the next section and we

* believe that the power spectral density plots will prove very

useful in the future for analyzing the fluctuation spectra of

turbulent flows within the melt.
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Figure 16. Spreading resistance data for the non-rotating
section of crystal Z292.
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SECTION IV

DISCUSSION OF EXPERIMENTAL RESULTS

Experimental crystal growth has occurred primarily in three

periods of concentrated activity, the nature of each being

governed mainly by the magnet then available. These magnets

were: (1) a small internal electromagnet, (2) the internal

tilted solenoid magnet, and (3) the external two-coil magnet

system. In the early work, time needed for sample preparation

and analysis was too long to permit feedback in time to

influence the growth of crystals under a given set of

conditions. The long evaluation cycles required that we guess

at the growth parameters to be investigated next, long before

their relative importance had been clearly established. Thus we

found ourselves choosing growth conditions for the newest magnet

on the basis of results obtained from the previous magnet. The

danger in this mode of operation is that, while some particular

set of conditions might indeed bring about desirable results,

that set might not be among those selected for investigation.

The stability and good performance of the external magnet system

now insure a workable long-term experimental set-up which will

permit us avoid this mode of operation in any future work.

Because the results obtained for crystals grown with the

first two magnets seem less definitive of the magnetic field

effects than are those more recently obtained at higher field

strengths, the earlier results will not be presented in any

detail, but will be referred to only in the context of the later

findings. Considerable evaluation data on 2 crystals from the

first magnet and 7 from the tilted solenoid have already been

presented in the Second Interim Report for this program [4].

Figure 18 summarizes the various sets of growth parameters

covered in the crystals grown with the first two magnets.

Particular effects observed in these crystals will be mentioned

as we discuss results from the crystals grown at higher fields.
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For the newest magnet system, we have grown 17 crystals

"-. with the combination of parameters listed in Table 1. It is

these that form the basis for most of the following discussion.

In addition, three more crystals were grown in an axial field

for delivery to the Sponsor.

For convenience of presentation, we have divided the

*discussion into three parts, the first dealing with rotating

crystals of conventional character grown with a transverse

magnetic field, the second describing crystals grown without

rotation in a transverse field, and the third discussing the

effects of an axial field orientation which shows some

importantdifferences from the transverse field. While crystals

*, grown without rotation are not now used for device material,

they may offer valuable insight into the physics of the float

zone process and could eventually lead to the development of

crystals with substantially reduced striations. The method of

presentation will be to enumerate the various effects of the

magnetic fields that have been observed, give specific examples,
and where possible present explanations or hypotheses for the

observed behavior.

A. ROTATING CRYSTALS IN A TRANSVERSE FIELD

1. Interface ShapeCane

Perhaps the most obvious effect produced by the presence of

*a magnetic field is a change in the shape of the growth

interface, as revealed by striation etch patterns. Generally

this change is a reduction in the concavity of the growth

interface when the field is turned on. In many cases, the

* interface becomes almost "flat" except for a small region at the

outer diameter of the crystal. This is seen in crystal Z309 for

both the 6 and 12 rpm regions shown in Figures 19 and 20. This

reduction of curvature can also be seen for crystal Z285,

already presented in Figure 14, although at the lower field
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Table 1. Growth Conditions for Crystals
Grown in Strong Magnetic Fields.

Crystal No. Growth Rate Rotation Rate Magnetic Field
mm/mmn rpm Gauss

Z309 4 6,12 5500

*Z311 4 6,0,6,12 3200O(Axial)

Z316 S.,3 3,12 5500

Z317 5 3 F50 0

*Z318 4 2,0 5500

Z319 4 4,12 5500,3200

4Z321 4 12,0 5500

Z322 4 2,0,2.1 5500

Z323 4 13,3 5500(Interrupted)

Z324<111> 4 13,0 5500,4200,3100

Z326 4 13,6,0,13 5500(Interrupted)
1000

Z327 4 6 5500 (Interrupted)
1600,3100,4200

Z328<111> 4 13,6,0,6 5500

Z331 4 12,3 3700(Axial)

Z332 4 12,3 4000(Axiai)

Z333 4 12,3,0 5000,3700(Axial)

Z334 4 0 5000 (Axial)
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Figure 19. Striation etch pattern for the 6 rpm
section of crystal Z309, grown in a
5000 gauss transverse magnetic field.
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1 in.

Figure 20. Striation etch pattern for the 12 rpm
section of cry'stal Z309 grown in a
5000 gjauss transverseu magnetic field.
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strength the interface does not become flat. Many other

examples can be noted in later figures. This change in shape is

reflecting changes in the energy transport to the growth

interface. Later on we will discuss the flow patterns

responsible for this morphological change.

2. Crystal Diameter Change

An immediate consequence of the flattening of the interface

is an increase in the diameter of the growing crystal. When the

magnetic field is removed, the interface resumes its former

curvature. These shape changes occur rapidly without a

corresponding change in the existing volume of molten silicon.

Therefore the diameter of the melt expands or contracts in

direct response to the curvature of the interface. This effect

can be seen in crystal Z323, for which the magnet was cycled on

and off at a strength of 5500 gauss while the crystal was

rotating at 13 rpm. Figure 21 shows the exterior surface of

this crystal in the two regions where the field was alternated

between on and off at 30 and 60 second intervals. The changes

in diameter can be seen in the pattern of light reflected from

the outer surface of the crystal. In these cases, the crystal

grower made no adjustments to either the rf energy level or the

rates at which material was added to or withdrawn from the

growth region. With other crystals we have observed that if no

adjustments are made after the magnetic field is applied or

removed, the crystal will return to its original diameter in

about two or three minutes. This appears to represent the time

of readjustment of the system to the new interface shape.

It is interesting to note in Figure 21 that the growth

rings, each of which represents one revolution of the crystal,

are not uniformly spaced but are farther apart when the magnet

is off. This spacing is consistent with the change in interface

curvature. Figure 22 shows a striation etch pattern for the

region where the magnet was successively on for 30 sec and off
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Figure 22. Striation etch pattern for
crystal Z323 in the region
where the magnet was ON

for 30 sec and OFF for
30 sec. This region
corresponds to that of
b) in Figure 5-4.
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for 30 sec. When the magnet is on, the interface is growing

much more quickly in the center of the crystal than it is at the

edge and the interface is thereby being flattened. The reverse

occurs when the magnet is off and the outer regions grow more

quickly. These varying growth rates produce the different

spacings of the growth rings at the perimeter

3. Dopant Concentration_Chan_

The spreading resistance values for several of the early

crystals appeared to decrease slightly when the field was

applied, suggesting that the dopant concentration had increased.

The computer program enables us to calculate the average

spreading resistance for any selected region of the data. For

several of these early crystals there were comparable regions in

which the only difference was the presence or absence of the

field. The data already given in Figure 12 is a typical

example. For these regions we have calculated the average

resistances and listed the comparisons in Table 2. The

terminology used in Table 2 to describe each comparison is, in

the case of resistance (or dopant concentration level), a EY"

for decreased resistance (i.e. increasedl dopant concentration)

when the field in on, an "N" for the reverse, and an "S" for the

case in which they are so nearly the same as to be not clearly

either a Y or an N. This table also contains a column showing

comparisons of fluctuations which we will discuss later. A

quick scan down the resistance comparison column indicates that

in about two-thirds of the cases the dopant concentration

increased when the field was applied, and, for field strengths

* above 1000 G, there was always an increase. The processed data

on which Table 2 is based have been listed in Table 3.

Although we do not have, for recently grown crystals, as

large a collection of spreading resistance data as given in

Table 3, we see the same reduction in resistance level when the

. field is applied. Table 4 presents some recent data showing
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Table 2. Resistance Levels and Fluctuation
Intensities for Comparable Crystal
Regions with Magnetic Fields On
and Off.

141 60-91

DTFIE MAGNETIC ROTATION RESISTANCE FLUCTUATIONSDTFIE FIELD INTENSITY RATE LOWER WITH LESS WITH
NAME Gt rpm FIELD ON ** FIELDON **

SR267S.AH1 1600 T 18.5 Y Y
SR267S.AH3 400 T 6 N N
SR267D.AE 1 1600 T 18.5 Y S
SR267D.AE1 400 T 6 S N'

SR269S.AH2 400 T 18 N N
SR269S.AH3 800 T 18 N N
SR269S.AH4 1200 T 18 Y N'
5R269S.AH5 14001T 18 Y N'

SR285S.AH1 2000 15 Y N'
SR285S.AH2 1000 15 Y N*
SR285S.AH3 2000 15 Y N*
SR285S.AH4 1000 15 Y N*
SR285S.AEI 2000 15 Y S
SR285S.AE2 1000 15 Y

SR292S.AH5 650 0 Y Y
SR292S.AH6 900 0 Y Y
SR292S.AH7 900 0 N S
SR292S.AE3 650 0 N N
SR292S.AE4 650 0 Y N
SR292S.AE5 900 0 S Y

SR293.AC1 1000 AC 12 Y Y

tALL FIELDS ARE FROM THE TILTED SOLENOID OPERATED IN THE DC MODE EXCEPT
FOR "AC" = ALTERNATING CURRENT MODE, AND "T" = SMALL TRANSVERSE
ELECTROMAGNET.

* FLUCTUATIONS DOMINATED BY ROTATIONAL STRIAE.

*SEE TEXT FOR MEANING OF SYMBOLS Y, N, AND S.
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Table 3. Processed Data for Scans Used in Table 2

14160 -92

MAGNETIC RELATIVE
SCAN ROTATION FIELD AVERAGE STANDARD STANDARD DATA

NUMBER RATE STRENGTH RESISTANCE DEVIATION DEVIATION POINTS IN
rpm G ", AVERAGE

SR267S.AHl 18.5 1600T 1410 111.9 8.36 1 -600
18.5 0 1514 149.9 9.90 1210- 1800

SR267S.AH3 6 400T 1860 229.0 12.31 100- 700

SR267S.AH2 6 0 1555 172.5 11.09 600- 1400
SR267D.AE1 18.5 1600T 9855 1263 12.82 0-600

18.5 0 11254 1375 12.22 1300- 1800
SR2670.AE1 6 400T 12019 2495 20.76 3150 -3250

_ 6 0 12713 2143 16.82 2450 -3000
SR269S.AH2 18 400T 973 95.7 9.84 1 -600
SR269SAH1 18 0 895 77.5 8.66 401 -600
SR269S.AH3 18 800T 1055 121.4 11.51 1 -410
SR269S.AH1 18 0 1122 132.0 11.76 401 -600
SR269S.AH4 18 1200T 698 95.3 13.70 1 -500

e R269S.AH 1 18 0 895 77.5 8.66 401 -600
SR269S.AH5 18 1400T 701 81.3 11.60 700- 1200
SR269S.AH1 18 0 895 77.5 8.66 401 -600
SR285S.AH1 15 2000 137.0 18.16 13.26 1 -400
SR285S.AHl 15 0 177.3 10.16 5.73 500- 900
SR285S.AH2 15 1000 153.5 17.87 11.64 1200-2000
SR285S.AH2 15 0 171.3 15.78 9.21 2100-2700
SR285S.AH3 15 2000 153.1 23.84 15.57 0-400
SR285S.AH3 15 0 194.4 13.61 7.00 900- 1400
SR285S.AH4 15 1000 150.1 18.38 12.25 400-800
SR285S.AH4 15 0 160.6 9.05 5.64 1 - 150
SR285S.AE1 15 2000 161.0 15,51 9.63 1 -500
SR285S.AE1 15 0 197.3 18.32 9.29 500- 1000
SR285S.AE2 15 1000 192.5 14.50 7.53 610- 1180
SR285S.AE2 15 0 222.0 18.88 8.50 10- 590
SR292S.AE3 0 650 420.5 28.02 6.66 1200- 1800
SR292S.AE5 0 0 395.8 28.61 7.23 1200- 1800
SR292S.AE4 0 650 344.7 31.87 9.25 1200- 1800
SR292S.AE5 0 0 395.8 28.61 7.23 1200 - 1800
SR292S.AE5 0 900 404.1 19.93 4.93 1 - 600
SR292S.AE5 0 0 395.8 28.61 7.23 1200- 1800
SR292S.AH5 0 650 352.4 23.56 6.69 1500 -2000
SR292S.AH7 0 0 390.8 30.60 7.83 900- 1800
SR293S.AH6 0 900 330.4 13.99 4.23 1 -900
SR292S.AH7 0 0 390.8 30.60 7.83 900- 1800
sR293.AC1 12 1000AC 156.3 12.82 8.22 1200- 1800
SR293.AC2 12 0 185.0 18.93 10.23 1 - 1800
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Table 4. Resistance Levels and Fluctuation In
Intensities for Comparable Regions
Grown With and Without a Strong
Transverse Field

14312-50

DTFIE MAGNETIC FIELD ROTATION RESISTANCE FLUCTUATIONS
DAAFIE INTENSITY RATE LOWER WITH LESS WITH

G rpm FIELD ON* FIELD ON*

S R309S.AH3 0 12 Y N
SR309S.AH4 5500 12 Y N

SR309S.AH1 0 6 Y N
SR309S.AH1 5500 6

SR309S.AC1 0 6 Y N
SR309S.AC2 5500 6

SR328S.AC5<111> 0 6 Y N
* R328S.AC4<111> 5500 6

SR316S.AH2 0 3 Y N
SR316S.AH3 5500

* TERMINOLOGY SAME AS FOR TABLE 2, SEE TEXT FOR MEANING OF SYMBOLS.
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this effect for every specimen pair thus far measured. The

original data on which these comparisons are made is listed in

Table 5. Similar effects are seen for non-rotating portions of

crystals, as discussed later.

The increased dopant concentration is thought to be a

consequence of a thickened diffusion boundary layer caused by

the field. The Lorentz force produced by the field on the

flowing silicon, which has about the same electrical

conductivity at its melting point as mercury has at room

temperature, results in a force that opposes the flow of the

conductor in any direction perpendicular to the direction of the

field. It is often convenient to think of this retarding force

as having about the same physical effect as would an increase in

viscosity of the fluid. For any flow component normal to the

-* field, the melt will behave as if it were more viscous and thus

the fluid layer next to the growth interface will be subjected

to lower shear stresses. In effect this represents an increase

-in the thickness of the "boundary layer" through which the

dopant being rejected at the interface must diffuse. Removal of

[ <dopant through a thicker boundary layer, at the "fixed" rate

determined by the average growth rate, requires a larger

concentration at the interface in order to maintain the same

gradient. This increased interface concentration causes more

dopant to be incorporated into the crystal.

.* 4. Enhancement of Rotational Striae

As already seen in Figure 14, the appearance of the "field

on" regions is distinctly different from that of the "field off"

regions if the field strength is high enough. This is a general

, observation and the contrast in the striation etch pattern seems

* -to increase as the field strength is increased. In Figures 19

.. and 20, we have already seen the enhanced regularity of the

rotational striae when the field is applied. This same effect

will be seen in later figures which have been chosen to

4.-
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Table S. Processed Data for Scans Used
in Table 4

14312-51

ROTATION MAGNETIC AVERAGE STANDARD RELATIVE DATA
SCAN RATE FIELD RESISTANCE DEVIATION STANDARD POINTS IN

NUMBER rpm STRENGTH 2 2 DEVIATION AVERAGEG %

SR309S.AC1 6 0 99.1 8.07 8.14 1200-1600
SR309S.AC2 6 5500 81.9 8.39 10.24 1200- 1600

SR309S.AH1 6 0 97.4 14.67 15.06 1- 500
SR309S.AH1 6 5500 75,8 13.58 17.92 1000- 1800

SR309S.AH3 12 0 99.8 13.14 13.17 100- 600
SR309S.AH4 12 5500 91.4 15.86 17.35 100- 600

SR316S.AH2 3 0 111.9 17.62 17.75 1 - 600
SR316S.AH3 3 5500 90.2 18.66 20.69 1 - 450

SR328S.AC5 6 0 105.5 11.48 10.88 1 - 400
SR328S.AC4 6 5500 76.1 9.25 12.15 1 - 600
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illustrate some other effect. Spreading resistance data also

show a distinct change in character, as has been pointed out for

Figures 12 and 15. The same general effect can be seen in the

spreading resistance data for the 12 rpm section of crystal Z309

grown in a strong transverse field. The original spreading

resistance data shown in Figure 23 illustrate the change in

dopant distribution within the striations that occurs in the

strong magnetic field. The power spectral densities

corresponding to the magnet on and off regions of Figure 23 are

given in Figure 24. The sharpness of the magnet-on striations

is seen in the additional power in the fundamental frequency as

well as in the harmonic frequencies, which are missing when the

magnet is off. The same characteristics are seen for the 6 rpm

section of crystal Z309 in Figures 25 and 26. At lower rotation

rates the magnetic field effect on dopant distributions is not

quite so pronounced. This is evident in the 3 rpm data in

Figure 27 for crystal Z316 which still show differences between

the magnet on and off regions. But as the power spectral

densities of Figure 28 indicate, the differences appear to be

less dramatic than those at higher rotation rates.

We have grown only two crystals with the <111> orientation

and their behavior appears different from crystals of the <100>

orientation normally used for device fabrication. Figures 29

and 30 present data from the 6 rpm section of crystal Z328 <111>

which show that the presence of the field makes a difference in

the striations, but not to the extent already seen in the 6 rpm

section of crystal Z309, Figures 25 and 26. The striation etch

pattern for this region of crystal Z328 shows prominent

rotational striae, Figure 31, but the main distinction between

the magnet on and off regions is the shape of the interface

rather than the appearance of the striae themselves. However,

the magnet-off region of Figure 31 may not have yet reached a

steady state, at which time the rotationa' 3triae might not show
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14312-13

S ORIGINAL DATA SRJ09SP*4HJ, 12 RPM4, AS4GNET OFF

0.0 20 0.30 0.40 0.50 0.60

S ORIGINAL DATA SR309SP.AH4, 12 RPM, 5300 C*4LSS

000.20 0.jo 0.40 0.50 0.60
CM

Figure 23. Spreading resistance data for the
12 rpm section of crystal Z309.

0
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14312- 14

PSLYIS FOR SRJO9SP 12 RPM REGION

SCUID LINE =SRJO09SFA.AH4, SL 100,256,100,4, 5500 GAUSS

DAShED LINE sRJ09sFc.A#IJ. SL 4a.256, 100,4, Am GNET, OFF

*R

Its '

0 20 40 60 80 100 120 140 160 180 200

Figure 24. Power spectral densities for magnet-on
and -off regions of the 12 rpm section
of crystal Z309.
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14312-15

S ORIGINAL DATA. SR3O9SP.AH1, 6 RPW. AIAGNU Of9'

0.00 0.0 0.20 0.30v 0.40 050 0.6o 0.70 0.80
CMl

-- ORIGINAL ATA SRJO9SP.AH7. 6 RPM, .5500 G, TRANSVERSE

1.00 1.10 1.20 1.30 7.40 1.50 1.60 7.70 1.80
CM

Figure 25. Spreading resistance data for the
6 rpm section of crystal Z309.
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14312-10

P5015 OF SRJO9SPA1,. 5 RPMI

SOLID LINE = SRJO09SFZ2AH1. SL 10005 12, 1 o, J, 5.5 0 GA USS

L14SHED LINE =SRJ09SfC..AH1, SL 1,512, 100,J, AU4GIVET OFF

0 10 2 0 4 0 60 7 0 g o

CM* I'

Fiue2.Pwrspcrldniis o h anto

0_ ~~~~~~ an -ofrgoso he6rmscino

crstlZ39
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14312-11

O RGMA.L ATA SR3Y6SPAH2, J RPME, A4GNET OFF

0.00 0.0.L5 0.10 0.75 0.20 0.25 0.30 0.35 0.40 0.4,5
CA.'

% ORIGINAL LD4T4 SRJi6SPAIIJ, jRP, ,5.500 AUSS

0.00 0.0 0.10 0.15 0.20 0.25 0.3 0.3 0.40 0.45
CM.

Figure 27. Spreading resistance data for the 3 rpm
section of crystal Z316.



14312-12

P5-'S FOR SRJI6S, J RP

SOUD LINE = SRJI6SFB.AHJ, SL 1,256, 100,J, 5500 MAUSS

DASHED LINE SRJI6SFA.AH2, SL 1,256,50.7 A4GNET OFF

0 to 20 30 40 50 60 70 80 90 10CM- I

Figure 28. Power spectral densities of the magnet-on
and -off regions of the 3 rpm section of
crystal Z316.
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14312 -9

SORIGINAL 04 T4 SRJ28SP.-ACJ <I 1>. 6 RPM. A44GNT OFF

0.00 0.10 0.20 0.50 0.40 0.50 0.d0
CAI

SORIGINAL OATM. SRJ278SP.4C4, <I17 1>. 6 RPM, 5W00 G, 7RAWSVERSE FIELD

000.00.20 0.30 0.40 0.50 0.60

pFigure 29. Spreading resistance for the 6 rpm section
of crystal Z328<111>.
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14312 -6

SPSD'SFOR Z328< I1I7>, 6 RPA.

SOUID LINE -SRJ28SFA.AC4, SL 12.56,100,4, 5600 , 7P4S VERSE

DASHED LINE -SRJ28SFC.C.5, SL 1,25,6,100,4, U4GNETr OFF

0 10 20 X0 40 50 60 70 80 90 100

Figure 30. Power spectral densities for the magnet-on
and -off regions of the 6 rpm section of
crystal Z328<111>.

0G



14223-14

6 RPM, 4 mm/min, 5500 -- 0 GAUSS

4

Figure 31. Striation etch pattern of the
6 rpm section of crystal Z328<111>
from which the data of Fig-
ures 29 and 30 were obtained.

i 6
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as much regularity as they do just after the field has been

turned off. The return to steady state for the 6 rpm region of

*[ a <100> crystal (Z309) can be seen in Figure 19 to require about

." a dozen rotations. Unfortunately, crystal Z328 had to be

S. terminated before this many rotations occurred.

The main reason for the change in rotational striae upon

*the application of the magnetic field is thought to be an

alteration of the circulation patterns within the melt, perhaps

due to the effective viscosity increase mentioned above. An

increase in viscosity would reduce the Reynolds number and thus

might bring the melt nearer to a laminar flow condition than it

*would be without the field. This would increase the diffusion

boundary layer thickness as well and cause the increased dopant

* incorporation discussed above. Careful examination of the

* striation etch patterns in most of the photographs already

presented show that differences in the "feathering" patterns

arise when the magnetic field is applied. These may provide

valuable clues to the oscillatory flows within the melt and thus

should be the subject of future studies.

5. Alteration of Fine Striae

-' -In addition to the rotational striations caused by the

-.-.. asymmetric rf energy input, there are other fluctuations in

.. dopant concentration that occur on a much finer scale. Thus it

is typical to find many fine striae located between the

* * rotational striae. In earlier reports [1,2], the nature and

origin of these fine striae have been discussed. They are

likely due to local, or microscopic, variations in temperature,

* flow velocity, and dopant concentrations. They are often quite

prominent in regions of "feathering" where local melt-back and

.*. regrowth are occurring. They are influenced by rotation of the

crystal but are not dependent upon rotation for their existance.

* They should be very useful diagnostic indicators of fluid flow

conditions, in the hands of a skilled hydrodynamicist.
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The many striation etch patterns already shown suggest that

when the magnetic field is on there are fewer fine striae.

Certainly the change in visual appearance of the striation etch

pattern represents some change in the character of the crystal.

When we look at the spreading resistance data, however, we do

not usually see a corresponding change in the high frequency

components of the power spectral density, which should represent

the higher spatial frequencies of the fine striae. For example,

if the power spectral density data already shown for crystals

Z309 and Z316 are extended into a higher frequency regime than

was shown in Figures 24, 26, and 28, we do not find strong

differences at the higher frequencies between the magnet-on and

magnet-off conditions. Thus in Figures 32, 33, and 34 we do not

detect any significant differences between the magnet-on and the

magnet-off regions. These three comparisons have been made at a

position halfway between the crystal axis and the edge of the

crystal, because the striae are usually very well developed in

this region. Often the striae patterns along the axis are

disrupted by feathering patterns, as will be discussed more

fully later. Nevertheless, for the on-axis scan of crystal Z309

in the 6 rpm section, we find some regular structure when the

field is applied, as can be seen in Figure 35. In this case the

striae corresponding to the 6 rpm rotation rate are clearly

visible when the field is on and show up in the power spectral

densities of Figure 36. At the higher frequencies corresponding

to the fine striae, there is now a distinct difference in the

power spectral densities, as seen in Figure 37. We find this

same distinction in the on-axis scan on crystal Z328<111> given

* in Figure 38.

At this point, we do not have a complete picture of the

behavior of the fine striae, nor of their origins. If the

Reynolds number of the fluid melt has been decreased by the

• magnetic field, then one would expect that any turbulence in the
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14312-1

S PSO'S FOR 12 RPM SEC77ON OF Z309, HIGH FREQUENCY REGION

- SOUD LINE =SRJOQ9SFAAH4, SL 100,256, 100,4, .5500 GAUSS

£I4SHED UNE SRJO9SFC.AiJ, SL 40,256,100,4, Ad4GNET OFF

* 'II

100 150 200 250 im 350 40 50 500
CWl--I

-Figure 32. High frequency range of power spectral
densities for the 12 rpm section of
crystal Z309.
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14312-7

FFT'S OF SRJO9SP-AH I IN HIGH FREQUENCY REGIONS 6 RPM4

SOLID UNE =SRJO9SfD.AH1, SL 1000512, b100.J 5500 (C41S

* L4SHIED LINE SRJ0QSFC-AH1, SL1,512, 1003 0 r.4USS

CS I

QI

10 5 0 5 0 5 0 5 0

Fiue3. Hg rqec ag fpwrseta

destesfrte p ecino

crstlZ39
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14312-8

-. c" P'SDS FOR J RPM SECTION OF ZJ16, HIGH FREOUENCY REGION

SOLID LINE - SRj 16SfRAHJ, SL 1,256, 10,3, 5,500 G4USS

O A.SIED UNE SRJ 16FAAH2, SL t,256,50,7, MAGNET OFF'

, ,,, ,

too 15 200 25 W1W40 4 0

/C(- fl

- . Figure 34. High frequency range of power spectral densities

"

crsa Z316
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14312-5

ORIGINAL DARA SRJO9SP.ACI. 6 RPM,~ AUGNET OFF

1-20 1.30 1.40 1.50 1.60 1.70 1.80 1.90 2.00
CM

ORIG/M4 DATA SRJO9SPAC2Z 6 RPM,~ 5500 G. nANSVERSE

1.20 1.30 1.40 1.50 7.60 1.70 1.80 1.90 2.00
CM

Figure 35. Spreading resistance data from on-axis
Scans of the 6 rpm section of
crystal Z309.
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14312-3

S FFrS OF SRJ09SRACIAC02

SOLID LINE =SRJO9SFA.AC2, SL 1200,256,100,6 .5500 C.

DASHED LINE SR3O9SFAA4CI, SL 1200,256,100,6 0 G

0 10 20 30 40 50 60 70 80 .90 100

Figure 36. Power spectral densities for on-axis
scans of the 6 rpm section of
crystal Z309.

63



14312-2

'~FFl'S SRJO9SAC 1/AC2 HIGH FREQUENCY REGIONS

SOLI1D LINE = SRJO9SFAC2 SL120a2.56, 10C46 5.500 C.AUSS

0.4SHD0 LIE SRJO9SFAAC1, SL1200,256,100,6 0 GAUSS

A I

.I 10 20 20 30 5 0 W 5

Fiur 37 Hihfeunyrneo h oe

dpca deste of the onai

scn'nthI p scino

crstlZ39
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14312-4

Sp50'S FOR Z328<I >, 6 RPA4 HIGH FREQUENCY RANGE

SOLID L INE -SRJ28SFA-4AC4, aL1, 256, 100, 4, moo0 G, TR4NsvFvtSE

a2iSHED LANE - SRJ2B.SPCA&5, SL ,256,100, 4, M4&WUT OFF

'aa

I' If

2IM JO 400 500

Figure 38. High frequency range of the power
spectral densities of the on-axis
scans in the 6 rpm region of
crystal Z328 111
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flow would also decrease, with a consequent reduction of the

fluctuations in the microscopic growth rate. If temperature

fluctuations have also been reduced by the field, as has been

demonstrated in CZ growth [10,11], then one would expect the

fine striae to be affected. If, on the other hand, some of the

fine striae are due to concentration differences caused by

non-uniform addition of undoped silicon to the circulating melt

from the feed stock, then it is not so obvious what the effect

of the field might be, because any reduction in turbulence will

decrease the mixing of the melt region needed to homogenize the

solute concentration.

T-or a good example of the visual appearance of striation

etch patterns that suggest a reduction in fine striae with the

application of the field, we can look at end cross sections of

the crystal pieces which have been prepared for use in striation

etching. These end faces have the same orientation as would the

face of a wafer cut from the boule, although in this case the

ends have not been polished. Nevertheless, they show

interesting etch patterns. Figure 39 is from the 4 rpm section

of crystal Z319 grown in the absence of a field. The pattern

seen here typifies the dopant distribution in conventional float

zone crystals and is a combination of both rotational and fine

striae. When a 3100 G transverse field is present, this pattern

changes to the one in Figure 40 in which the fine scale

fluctuations appear to be greatly reduced in contrast to the

minor effects seen in the spreading resistance data. However,

more work needs to be done before the implications of the etch

patterns and the results from spreading resistance can be

reconciled.
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14223-4

CRYSTAL Z319 4 RPM, 0 GAUSS

4

Figure 39. Striation etch pattern on an
end surface from the 4 rpm
section of crystal Z319,
grown with the maqnet off.

S

72

0.... .........



14223-1

CRYSTAL Z319 4 RPM, 3100 GAUSS

Figure 40. Striation etch pattern on an
end surface of the 4 rpm
section of crystal Z319

Sqrown in a 3100 G transverse
field.

-73



B. NON-ROTATING CRYSTALS IN A TRANSVERSE FIELD

Many of the features already discussed for rotating

crystals are also observed for non-rotating crystals, for

example, the increase in dopant concentration when the field is

applied, and alterations of the fine striae patterns. As would

be expected, there are no rotational striae when there is no

o rotation. However, there are definitely some low frequency

*" fluctuations, the nature of which is not yet clear, that impart

many of the characteristics of slow rotation to the physical

appearance of the crystals. The presence of transverse magnetic

fields of several kilogauss intensity has produced effects which

we believe have not been observed before and which should

• provide interesting challanges to those trying to model the

float zone process. Tt is expected that the experimental

* opportunities afforded by the new magnet system, especially with

non-rotating crystals, will advance the understanding of the

float zone process and could well lead to methods for reducing

. dopant fluctuations. One interesting side benefit of the strong

- transverse magnetic fields is an apparent stabilization of the

position of the growth axis for a non-rotating crystal, which

might make possible the growth of detector-grade crystals

without rotation. This behavior is in sharp contrast to that

found with strong axial fields which may even have a

destablizing effect causing the axis to wander, as will be

diocussed later.

1. Crystal Mor pholol

Trial growths runs to establish techniques for controlling

* the non-rotating sections of crystals suggested that the shape

of the non-rotatiag sections was slightly distorted from the

normal circular cross section. Since it is commonly observed

that when rotation ceases the crystal tends to wander almost

randomly and often wilL not remain centered in the growth coil,

these early observations were not considered unusual. However,
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we decided to grow a long section in a 5500 G transverse field

and then to reorient the crystal by 90 degrees relative to the

field direction. The crystal that resulted proved to be the key

to producing results never before seen, to the best of our

knowledge. The novel feature of this crystal was the elliptical

shape that it assumed as it grew and the apparent long term

stability of this configuration. The major axis of the ellipse

was oriented along the field direction and random wandering of

the crystal was suppressed. When the seed was rotated by 90

degrees in the magnetic field, the growth was restabilized with

the major axis of the elliptical cross section again oriented

along the field direction. This run produced crystal Z321 with

the interesting shape already shown in Figure 3. Subsequently

we have grown four other crystals with this same configuration

and have observed the stability of the melt zone in each one.

Figure 41 shows crystal Z322, the second of these four crystals

grown without rotation. As yet, the explanation of the

elliptical cross section is not clear, but it likely is

associated with the fact that the Lorentz force appears only for

melt flowing in directions perpendicular to the field. Thus,

circulation currents normal to the field direction are affected

but those parallel. to the field are not inhioited. The melt can

now be thought of, perhaps, as a fluid with a non-isotropic

viscosity. We will return to this issue later.

2. Growth Interface Shape

The exterior of the non-rotating sections of crystal Z322

exhibited the unexpected shape described above. When one looks

at the striation etch patterns on cross sections prepared

parallel and normal to the field direction, it becomes apparent

that complex flow i5 occurring within the elliptically shaped

melt volume. The details of this flow are still not well

characterized but we will describe such results as are now

ava.lable.
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M16135 14312-48

4

Figure 41. Crystal Z322 grown with no
rotation in a 5500 G
transverse field.
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When the etched surface is parallel to the field direction,

the striations are quite straight, implying a flat or nearly

planar interface, in appearance not unlike those previously

shown for the crystals grown with rotation. However, for

sections cut normal to the field direction, the interface is

strongly concave, similar to the rotating crystals when the

magnet is off. Thus for the non-rotating sections in a

transverse field, we have an interface shape which is

cylindrical, rather than the nearly flat or the spherically

curved surfaces normally found in FZ crystals.

Figure 42 shows the striation etch pattern in the

transition region that occurred when the field was applied to

* the non-rotating portion of crystal Z322. The edge of the

crystal is subjected to strong melt-back and the interface seems

to flatten, similarly to what was seen in Figures 19 and 20.

However, if we look at the striation etch pattern in the region

of the 90 degree rotation, then we can see that, normal to the

field, the interface shows considerable curvature. Figure 43

shows this transition region in crystal Z322 where the seed was

rotated through a quarter turn. In the lower half of the
photograph the field is parallel to the etched surface and in

the upper half it is perpendicular to this surface. A similar

transition for crystal Z328<111>, going from the perpendicular

to the parallel field orientation, can be seen in Figure 44.

The complex etch pattern seen in the lower curved section

indicates that a very complicated circulation is taking place

with pronounced "feathering." Why this fe athering is not seen

in the other orientation is not yet understood. We will discuss

the implications of these patterns below.

3. Striation Characteristics

As with the rotating crystals described earlier, one would

also expect changes in the fine structure of the striation

patterns for the non-rotating sections of crystals. Strong
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Figure 42. Striation etch pattern for
non-rotating section of
crystal Z322 shuwinq the
transition from
Q to 5500 gauss at
0 rpm.
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14312-17

Figure 43. Striation etch pattern of
the 90-degree rotation for
crystal Z322 grown at
5500 G without rotation.
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Figure 44. Striation etch pattern at the
90-degree rotation for
crystal Z328 111 grown at
5500 G without rotation.
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rotational striae ought to be absent and there should be

distinct differences in the fine striae for the magnet-on and

magnet-off conditions. Again, the visual appearance of the

striation etch patterns indicates these expected differences, as

can be seen by comparing Figures 45 and 46 obtained from crystal

Z322. These photographs have a magnification of approximately

50X and reveal obvious differences in the appearance of the fine

striae. The spreading resistance data for these two sections

are given in Figure 47 along with a scan taken at 2 rpm, to

which we will refer later. A comparison of the non-rotating

sections shows the distinct shift in the resistance level that

typically occurs when the field is applied, along with a higher

fluctuation level when the magnet is off, but no obvious

differences in the apparent frequency content of the two scans.

The power spectral densities in this particular comparison, see

Figure 48, indicate that the fluctuations in the magnet-on

region are indeed less than those in the magnet-off region but

only over a portion of the frequency spectrum. In an earlier

crystal, Z292, grown in the tilted solenoid at about 900 G, the

power spectral densities in the non-rotating sections also

showed differences over a limited spectral range, as was noted

previously for the data given in Figures 16 and 17. For crystal

Z292 in the frequency range from about 20 to 50 cm - 1 and at the

specific frequencies of about 60 and 120 cm - , the two spectra

are different. At higher frequencies there are no appreciable

differences. For crystal Z322, grown at 5500 G, the region of

spectral difference occurs at a higher frequency, between about

100 and 300 cm - . At present we have not collected enough data

to determine if there is a consistent field strength dependence

for these spectral differences. It should be noted that, in

Figures 17, 48 and 49, the actual power levels in the spectra

are relatively low over the entire frequency range in comparison

to those normally seen for rotating sections of crystals. Such
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Figure 45. Striation etch pattern for
non-rotating section of
crystal Z322 grown with
magnet off.
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Figure 46. Striation etch pattern for
non-rotating section of
crystal Z322 grown in a
5500 G transverse field.
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OR/IIN WAt SRJ22SPAC1, 2 RPMA U4GNET OFF

aw40am C o a~o a m .6
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1.0 .0 XMW 1.40 7.50

Figure 47. Spreading resistance data for
various regions of crystal Z322.
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Figure 48. Power spectral densities for the
non-rotating section of cry-
stal Z322, low frequency range.

85



'17

14312-57

PWS FOR~ ZJ2 0 RPM, IGHC FREQUENCY RANGE
CS

SOLID ULF SRJ22SFC.AC SL 100Oa2-54 f0, 
I I 550 a~ nUAGWSE

*~XM U:N: : - SRJ22SFBA.CZ &l 1,258,1044

Cs AMETOF

* VS : it i ll is *

',so

oilO ,#I IG JV s

4! 
11

,Va , ~ S , , a a ", a" " "a a
I aa iiI a I IaI

ii I I a aI aI

a ac ry st' Z322, ha aaI aI II a a

100. . 0050

' Figure 49. Power spectral densities for the
non-rotating section of
crystal Z322, high frequency

range.
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i- non-rotating crystal sections need to be explored more fully

because they may yield characterizations of the turbulence

spectra of the melt flow that have been previously unavailable

[14].

We have only one end section pattern, similar to those of

Figures 39 and 40, for a non-rotating section with the field on.

This pattern shows, in Figure 50, a reduction in the number of

fine striae as well as the elliptical cross section typical of

the transverse field condition with no crystal rotation. This

pattern strongly suggests that an oscillatory flow is present,

as will be discussed below.

Because the crystal is not rotating, une would expect only

* fine striae to be present in the etch patterns. It is apparent

from Figures 42, 43, and especially 44 that in addition to the

fine striae the patterns contain a low frequency structure whose

nature is not yet understood. It is postulated that this

structure, with its relatively long periods of 20 to 30 sec, may

represent low frequency oscillations in the melt following a

pattern similar to those discussed by Schwabe and co-workers

[15,161, and Chun and Wuest [17-211 for oscillatory Marangoni

flow. While it appears that, for our experimental set-up,

Marangoni flow is not important compared to the flow driven by

the electrodynamic force [121, oscillatory instabilities may

well be present and their frequency would be influenced by the

*O "viscosity effect" of the magnetic field.

To ascertain if the low frequency oscillation was being

driven by the slow rotation of the feed rod commonly used to

prevent uneven mel-ing of the feed material, we grew sections of

* crystal Z322 with no seed rotation and with the top feed rod

stationary or rotating at a nominal rate of 1.5 rpm, a commonly

used value in our experiments. The spreading resistance data

for scans in these two regions are liven in Figure 51. The

power spectral densities for these regions show distinct

27
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Figure 50. Striation etch pattern of an
end surface from a non-rotating
section of crystal Z322 grown
with a 5500 G transverse field.
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14312-24

M" aN4r 14 SRqJ22SPAO4 0 IRbK AMD ROD ROTAWNP AT 1.5 RPM

aoo 010 0.20 amX 040 0.50 050
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Figure 51. Spreading resistance data for
the non-rotating section of
crystal Z322 for different
feed rod rotations.
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differences in the low frequency range, as can be seen in Figure

52. Above a frequency of 50 cm , there are no observable

differences in the spectra. The scans for Figure 51 were taken

in an axial direction at a position half way between the edge

and the crystal axis, in a region that often shows strong

striae. If the scans are taken along the growth axis, then for

these same sections of the crystal we see somewhat different

* - behavior. Figure 53 shows the spreading resistance data for the

on-axis scans. in this case, the power spectral densities are

* different over the entire frequency range, as presented in

Figures 54 and 55. As yet we have not acquired enough data of

Si"the type represented by Figures 51 through 55 to understand all

the implications of the results or to be able to sort out cause

- and effect relationships. The low frequencies that appear to be

enhanced when the feed rod is rotating could be caused by some

characteristic of the feed rod itself or they may be related to

vibrational frequencies set up in the furnace when the top shaft

is rotating. More experiments are needed to resolve such

issues. We have given these data here as another illustration

of the power of the FFT spectral analysis technique to reveal

- - differences in spreading resistance data which would perhaps

* .. escape visual comparisons. We believe that Figure 5-34 is an

' -excellent example Df data in which the oscillation at the

. frequency of 4 cm- I , corresponding to the 1.5 rotation rate,

6 -would not otherwise be detected. Use of this method of data

-" analysis, especially for non-rotating crystals, should help

unravel the causes of low frequency oscillations which in

rotating crystals are normally masked by stronger striae.

* 4. BoundaryIL aye- Thickness Changes

As with the rotating crystals discussed earlier, we also

- see an increase in dopant concentration when the magnetic field

- is applied which we attribute to an increase in boundary layer

Sthickness. A good example comes from the data already shown in
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PS.I FOR ZJ22, 0 RPM, 5W Q FMW ROTATION CL4NW

SOW LINE - SRJ22SAM SL 541 024, 104. 1.5 RPM FEM ROTATION

DOT-DASH LINE - SRJ22SFAH6, SL M,512,50,2, NO FEW ROTATION

mA

O .0 s 0.0 IO J200 2A.O .mo JO 40 41.0 s0"

Figure 52. Power spectral densities for the non-
rotating section of crystal Z322 with
different feed rod rotations.
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afrICIM4 D4T. SRJ22SPA.CA 0 RPM. .r5W0 FEED) RCO ROJA77NG Al 1.5 RPM'A

amaoaso 1.00 1.10 1.20

ORIJPSL a4TA sJ2sp.4 0 RpmJ, 550 a FmV ROO Nor ROTA iN

amaso aeo Cm 1.00 1.10 1.20

Figure 53. Spreading resistance data along the axis of
the non-rotating section of crystal Z322
for different feed rod rotations.
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Figure 54. Low frequency range power spectral
density for the on-axis scan of
crystal Z322 for different feed
rod rotations.
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Figure 55. Hiqh frequency ranqe of power spectral
densities for the on-axis scan of
Crystal Z322 for different feed rod
rotations.
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Figure 47 for crystal Z322. Here one can see a decrease in

average spreading resistance in going from 2 rpm to 0 rpm with

the magnet off, as would be expected, and a further decrease

when the field is applied to the 0 rpm section. In Table 6, the

average values of the spreading resistance calculated from the

data stored in the computer confirm the levels shifts easily

seen in Figure 47. Thus the magnetic field appears to increase

the boundary layer thickness even when the crystal is not

rotating. This observation is compatible with the "viscosity

increase" discussed above, although the actual explanation may

be more complicated.

The fluctuation levels in the data, as indicated by the

*relative standard deviation, show a small improvement when the

field is applied to the non-rotating section, but the resulting

level of fluctuation is no less than that found in the 2 rpm

section when the field is off. These data are consistent with

the results from other crystals indicating that the presence of

a strong transverse magnetic field does not remove growth striae

but only seems to alter their character.
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Table 6. Resistance and Fluctuation
Level Chanqes for the
Sections of Crystal Z322.

___________ _____ _______14312-49

FIENME PIT O.RAV. SD 1REL SD RM MAGNET
FILEAME POINNOS RP CONDITION

SR322SP.AC1 100-600 358.3 31.36 8.75 2 OFF

SR322SP.AC2 1-500 333.1 36.36 10.92 0 OFF

SR322SP.AC3 1000-1600 272.4 22.92 8.41 0 ON
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C. CRYSTALS GROWN IN AN AXIAL FIELD

The first crystal grown with the external magnet system

used an axial field orientation because this configuration

appeared easiest for the crystal grower while trying to master

the techniques needed for the relocated rf work coil. This

crystal (Z311) was relatively easy to grow in a field of 3200 G.

The magnet configuration was then shifted to the transverse

configuration for what was expected to be very rewarding

experiments. As seen in the previous section, interesting

results were indeed achieved with the 12 crystals grown in

strong transverse magnetic fields. Toward the end of the

experimental program, the magnet was returned to the axial field

configuration and four more crystals were grown for analysis

along with three crystals for delivery to the Sponsor. These

have provided surprising results which for the first time hold

the promise for substantially reduced dopant fluctuations. For

convenience of presentation, we have focussed the discussion on

the three key issues of dopant distribution, fluctuation

reductions, and crystal growth behavior. These will also serve

to highlight the important differences between axial and

transverse field orientations.

1. Dopant Distribution

As noted earlier in Tables 2 and 4, the dopant

concentration increases when a strong transverse field is

*applied. This increase appears over the entire growth surface

and we attribute this effect to a general thickening of the

boundary layer caused by restricted flow in the melt. An

analogous effect does not occur upon application of a strong

* axial field. Rather, there appear to be localized changes in

boundary layer thickness caused by a change in the circulation

flow pattern within the melt zone. This flow modification leads

to a phenomenon which has many of the characteristics of "core"

• formation, seen when facet growth is possible [221, and because
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4 of this similarity in properties we will refer to this behavior

;'s "coring" even though we do not believe the mechanism is in

any way related to faceting. The presence of a core was seen

but not recognized as significant in the striation etch patterns

for crystal Z311, the first one grown in the strong field of the

external magnet system. When additional axial field crystals

were analyzed, the presence of the core was found to be a

general characteristic of these crystals and was present at all

rotation rates from 0 to 12 rpm, the present limits of our

furnace. The dopant concentration in the core has been

consistently higher than in the off-core regions and often

results in a very colorful striation etch pattern. We have

taken several radial spreading resistance scans across crystal

diameters in these regions and find significant results.

Figures 56 and 57 show typical variations in dopant

concentration, as revealed by these spreading resistance scans

taken across diameters in both rotating and non-rotating

sections grown in various field strengths. The distance along

the abscissa is about 2 cm for each scan. The ordinate scale of

resistance amplitide is logarithmic to allow comparisons of the

relative changes contained in the various sets of data. Each

scan has a different absolute resistance, the actual value

depending upon the dopant added by the crystal grower. Since

some of the resistances overlap, the curves have been

arbitrariLy displaced in the figures for ease of viewing. No

attempt was made to achieve the same dopant concentration in

each crystal, although most crystals fall in the range from mid

IC to mid 1017 Ga/cm , since this doping level leads to good

striation etch patterns. These data do not show a consistent

trend towards more dopant in the core with a higher field

strength; but the reduction in fluctuation leve- with increased

field strength is obvious and will be discussed below.
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RADIAL SCA4N COM4PARSONS z-OR 12 RPM~ CRYrSAL SECTiONS

J200 G, SRJI !SP.R4
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CMd

Figure 56. spreadinq resistance across the diameter of
crystal sections grown at 12 rpm with
different axial field strenqths.
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RADML SPREADING RESISTANCE SCANS FOR NON-ROATING CRYSTALS

W000 G. SRJJ45P.R1

" "0 , SR31I1ISP. R5

0.0 0.5 1.0 1.5 2.0

CM

Figure 57. Radial spreading resistance scans for
non-rotating crystals in an axial
field. The formation of the well
defined core is apparent at 5000 G.
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The striation etch patterns for typical regions covered in

Figures 56 and 57 are presented in Figures 58, 59, and 60. As

with the transverse field, there is a flattening of the

interface when the field is applied. The appearance of the core

is not as obvious in the rotating sections as it is in the

non-rotating section of Figure 60. In the actual sample from

crystal Z334, the contrast between the core and the outer part

of the crystal is further enhanced by a strong color difference.
Trhe most striking feature in the photograph, Figure 60(b), is

the absence of fine striae in the core. We will discuss this

further below. The orientation of the fine striae as they

approach the core region indicates to us that the growth

interface is relatively flat and therefore the temperature

profile is also flat across most of the crystal diameter, even

for the non-rotating section. Thus the increase in dopant

concentration found in the core regions must be due to an

increase in the diffusion boundary layer thickness. For the

axial fields, the thickness change can be as large as a factor

of 2 to 3. This is in sharp contrast to the transverse field

case where changes did not exceed 40% for the data in Tables 3

and 5. Thus we find substantial thickening of the boundary

layer in the center of the crystal but not at the edges when an

axial field is applied. This suggests that the toroidal flow

driven by the electrodynamic force is inhibited, certainly along

the crystal axis. This reduced flow allows an increase in the

diffusion boundary layer by a factor of 2 to 3.

For low Prandtl number fluids, the temperature profile is

not strongly dependent upon fluid convection but is dominated by

conductive heat flow. Nevertheless, convection does play a role

in determining the interface shape. The flow of heated fluid

down along the growth axis, driven by the electrodynamic forces

acting on the surface layer in the necked down region of the
melt, carries additional energy to the center of the growth
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(a) Magnet offIb j14312-38

(b) 3700 G axial field

Figure 58. Striation etch pattern for the
12 rpm sections of crystal Z331.
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14312-40

(a) Crystal Z332, 0 to 4000 G transition

14312-42

(b) Crystal Z333, 0 to 5000 G transition

Figure 59. Striation etch pattern of the
12 rpm sections of crystals
qrown in an axial maqnetic
field.
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(a) Transition from 12 rpm and magnet off
to 0 rpm and 5000 G axial field (4X).

14312-43

S

(b) Enlargement (25X) of boundary between core
region on the right and the off-core region

* showing continuity of striations across the
boundary.

Figure 60. Striation etch pattern of the non-rotating
sections of crystal Z334.
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surface. Thi3 added energy raises the temperature along the

* * axis and is the reason for the curved interface. Rotation of

the crystal induces an inertial force that enhances radial flow

and thus often mitigates the effect of the flow along the axis.

It is not unusual to see the interface flatten as the rotation

*--. rate is increased, as has been noted in earlier programs on

- dopant striations [1,21. We believe that the restriction of

* flow by the magnetic field, in both transverse and axial

configurations, produces the same effect as rotation in reducing

the flow of hot melt along the growth axis. This effect is

sufficient to cause the interface flattening invariably seen

when a magnetic field is applied.

2. FLUCTUATION REDUCTIONS

In contrast to the transverse field, which altered the

striae but did not substantially reduce them, the axial field

has shown very encouraging signs of allowing the elimination of

striae, at least over portions of the crystal. The appearance

*. . of the core region in Figure 60 suggests that striae have been

- greatly reduced, as compared to all other striation etch

patterns that we have previously seen for gallium-doped silicon.

- *. Spreading resistance data confirm that the appearance is not

* -misleading. In the core region of crystal Z334, grown without

rotation, we have found the lowest fluctuation levels that we

know about for Si:Ga material. In Figure 61, we have plotted

several spreading resistance scans for various typical crystal

growth conditions. Again a logarithmic ordinate is used to

allow comparisons among different resistance levels. It is seen

that the only specimen with a lower fluctuation than the core

region of crystal Z334 is the neutron transmission doped (NTD)

silicon wafer which is the most uniformly doped float zone

silicon wafer that we have. For the NTD sample, at least two

orders of magnitude more donors were added than were present in

the high purity float zone starting crystal, thus almost
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Figure 61. on-axis spreading resistance fluctuations
for non-rotating crystal sections.
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completely masking any original nonuniformity that may have

existed. In Table 7, the relative standard deviations,

calculated by the computer from the spreading resistance data,

are compared for crystal sections grown under a variety of

conditions. It is apparent that the core regions of crystals

grown with a 5000 G axial field have lower fluctuations than the

very best region seen in any of the transverse field crystals

(SR322SP.AC3). Outside of the core, however, crystal Z334 is no

better than average.

With the transverse field crystals, etch patterns like

those in Figures 19 and 20 suggested to us that fluctuations

might be reduced between the rotational striae. If one were to

* grow crystals at a low rotation rate and a high growth rate,

then the rotational striae would be widely spaced and the

intervening regions might be good for the fabrication of very

uniform detector arrays. Figures 27 and 40 illustrate this type

of region. As noted earlier this expectation did not

materialize because the regions between the rotational striae

were still subject to considerable small scale fluctuations.

This was borne out in many different samples which often showed

the strong saw-tooth shaped dopant distributions already seen in

Figures 23 and 25. To determine what would happen in an axial

field, we grew several sections at 3 rpm. Striation etch

patterns for such regions grown at different field strenths are

given in Figures 62, 63, and 64 and typical spreading resistance

data are shown in Figure 65. The power spectral densities for

these two scan are given in Figure 66, where the dopant

-i fluctuation at the rotational frequency is seen to be enhanced

4 by the field. It is apparent that at low rpm, considerable

large scale dopant fluctuations still occur, even in the

presence of a strong magnetic field. These may be related to

the low frequency oscillations noted earlier in the non-rotating

4 flows in the strong transverse fields. Thus we might conclude,
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Table 7. Fluctuation Levels for Recent Crystals.

14312-52

SCAN
FIELD FIELD RTAIO SCAN TYPE OF LOCATION RELATIVE

STRENGTH ORIENTATION RATEO NUMBER SCAN RELATIVE STANDARD
G RpmE TO CORE DEVIATION

0 12 SR333S.R2 RADIAL -6.92

3700 AXIAL 12 SR337S.R3 RADIAL IN 8.08
3700 AXIAL 12 SR331S.R3 RADIAL OUT 12.32
5000 AXIAL 12 SR333S.R1 RADIAL IN 5.98
4000 AXIAL 12 SR332S.R1 RADIAL IN 3.34

0 -0 SR31 1S.R5 RADIAL -11.60

0 0 SR3225.AC2 AXIAL 11.24
3200 AXIAL 0 SR31 1S.R3 RADIAL IN 9.79

*5500 TRANSVERSE 0 SR322S.AC3 AXIAL -7.69

5000 AXIAL 0 SR334SAE I AXIAL OUT 6.31
5000 AXIAL 0 SR334S.AC IAIL IN 3.54

NDT STANDARD SR486S.NTD RADIAL - 1.59
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MAGNET
ON

MAGNET

Figure 62. Striation etch pattern for
the 3 rpm section of
crystal Z331 showing the
transition from magnet
off to a 3700 G axial
field.
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14312-39

0I

Figure 63. Striation etch pattern for

the 3 rpm section of
crystal Z332 grown in a
4000 G axial field.
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14312-41

Figure 64. Striation etch pattern of the
3 rpm section of crystal Z333
grown in a 5000 G axial field.
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Figure 65. Spreadinq resistance for on-axis
scans of the 3 rpm section of
crystal Z331.
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Figure 66. Power spectral densities for the
on-axis scans of the 3 rpm sec-
tion of crystal Z331.

4

113



on the basis of present data, that the answer to the reduction

of fluctuations lies not in low rotation but in no rotation at

all. However, we have obtained radial scans in regions of

rotation that are remarkably uniform, at least over limited

distances, presumably because the spreading resistance probe is

tracing a path in between the rotational striae. An example of

this is shown in Figure 67 for the 12 rpm section of crystal

Z332. In Figure 68, the on-axis scan for this region shows a

remarkable uniformity in between the rotational striae. Thus it

is conceivable that wafers cut from a crystal grown in an axial

field, even with rotation, might provide exceptional dopant

unformity in regions of limited extent. Data with the

characteristics seen in Figure 68 have not been observed before

in any of our previous work with doped float zone silicon

At the present, we hypothesize that the exceptional

uniformity found in the centers of both rotating and

non-rotating crystals is caused by a localized thickening of the

boundary layer. In the axial field configuration, all radial

flow is subject to the Lorentz force and therefore the toroidal

circulation currents driven by the electrodynamic forces will

not be as turbulent as when the magnetic field is absent. In

the presence of the field, it is likely that the flow down along

the centerline (the growth axis) of the crystal will be reduced,

leading to the forination of a "stagnation" region in which the

boundary layer will be considerably thickened and will not

" transmit fluctuations as easily to the growth interface as

during normal growth. The encouraging results from the axial

field experiments indicate the need for more careful study of

the conditions leading to the "coring" phenomenon and the means

for controlling it.
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SRwDi& SCA4N OF SECT/ON GROWN ATr 12 RPM INA 400G AXL F7EL

SRJJ2SP.R1

0.0 0.5 1.0 1.5 2.0
CMd

Figure 67. Spreading resistance across the diameter of a
section grown at 12 rpm in a 4000 G axial
field.
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SON-AXIS SCA4N OF SEC nON GROWN AT 7 2 RPAI/ IN A 4000 G AXIAL FIELE

SRJJ2SP C I

0.00a 0.1 0.20 jo 0.40 0.50 0.60
CMd

Figure G8. Spreadinq resistance for an on-axis scan of
the 12 rpm reqion of crystal Z332 qrown with
a 4000 G axial field.
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3. GROWTH BEHAVIOR

The results seen above, especially for the non-rotating

crystal sections, indicate the direction for future work in

reducing dopant fluctuations. Unfortunately, the growth

conditions which now appear to promise substantial improvement

in uniformity are the very ones that are the hardest to control.

With an axial field we have had great difficulty in growing

crystals at rotation rates of 3 rpm or less. As mentioned

earlier, the application of a transverse field seems to have a

stabilizing effect on a non-rotating crystal. Long sections of

non-rotating crystal were grown at 5500 G with no difficulty.

At present it seems that the axial field has a destabilizing

effect on crystal growth. We have no explanation for this

effect as yet and have not grown enough crystals to establish

exactly what is occurring. Every attempt to grow a low or zero

rpm section at field strengths above 3200 G has produced extreme

wandering of the crystal about the growth axis. In Figure 69

are photographs of the external shape of three recent crystals

in which portions of the crystals were grown at rotation rates

of 3 rpm or less. In each case there was severe wandering of

the crystal that necessitated drastic corrective measures by the

crystal grower to avoid spilling of the melt. In growing

crystal Z331, for which we have no photograph, the crystal began

to wander when the rotation rate was reduced from 12 to 3 rpm in

the presence of a 3700 G field. When the rotation rate was

further reduced to zero, the interface began to tilt. This

tilting happened so quickly and unexpectedly that the grower had

no opportunity to apply corrective measures and the melt

spilled. In the subsequent crystals shown in Figure 69, he was

alert to the dangers of rotation rate reduction and was able to

keep the crystals growing, though not in a configuration that

was of much later use. However, crystal Z334 yielded a section

about 25 mm long from which the valuable information on the
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M 161 9 14312-45

cm 1 2 3 5 0

14U@now

(a) Crystal Z332, 4000 G

PA1618 7 14312-46
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4 HUGHES:

(c) Crystal Z334, 5000 G

Figure 69. Crystals grown in a strong axial field
showing severe wandering about the
growth axis.
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unform core region was obtained. The three crystal subsequently

produced for delivery were grown in a 9000 G field at 12 rpm.

- -Even under this condition there was a tendency for the crystal

* to wander about the growth axis.

At this time we do not have sufficient data to generalize

about the observed instability in the axial field growth. It is

apparent that if one wishes to capitalize on the low fluctuation

levels in the core regions of non-rotating crystals, then

techniques must be established to prevent the crystal wandering

or interface tilting that has been observed. It may even be

that some combination of transverse and axial fields, such as

that produced by the tilted solenoid magnet, would be suitable.

Further work in this direction seems warranted.

0



SECTION V

CONCLUSIONS

At the beginning of this program, the only experience

available on the effects of a magnetic field on float zoning was

our own work with the transverse permanent magnet [2] and the

axial field work of de Leon, et al.[8], both done with

relatively weak fields. After considerable work in this program

with electromagnets at field strengths up to 2000 G, it became

apparent that reductions in the striations of float zone

silicon, if they could be achieved at all, would require field

strengths in excess of 2000 G. Working at this higher field

strength level has required the development of new growth

techniques and equipment to allow float zone growth in the

presence of both transverse and axial fields at levels up to

5000 G. We have been successful in this development effort and

the experimental results have produced two major findings.

From the standpoint of dopant uniformity, the more

important of these is the demonstration of nearly striation free

regions of crystal grown in a 5000 g axial field. While our

understanding of the conditions governing such striation free

regions is far from complete, it is apparent that an approach of

high promise is now available. The desirable region occurs in

the center of the crystal as a core of increased dopant

concentration having fluctuation levels approaching those of

neutron transmutation doped samples, the best standard of

striation free silicon that is known. Means for controlling the

major dopant concentration in the core and for extending the

size of the core while still maintaining its good

characteristics remain to be worked out in further experimental

programs.

The other significant finding is that the transverse field

provides a unique tool for investigating the physics of the

float zone process. In this regard it may prove valuable in
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defining the hydrodynamic conditions that we believe are

responsible for the uniform core produced in strong axial

fields. With the strong transverse field we have seen effects

on crystal morphology that have not been reported previously.

These should be of great interest to hydrodynamicists studying

crystal growth. The coupling of the experimental techniques

provided by this program with a theoretical study of the mass

and energy transport phenomena occurring during crystal growth

in a magnetic field ought to produce a deeper understanding of

the float zone process. With this understanding will come

detector grade silicon of greatly improved dopant uniformity.

Such material will be of prime importance to the very low

- background detector technology now emerging from other

government and industry sponsored programs.

1
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SECTION VI

RECOMMENDATIONS FOR FUTURE WORK

It is now apparent that growth of float zone crystals in

the presence of strong magnetic fields leads to very interesting

results. Prospects for obtaining more uniformly doped

detector-grade silicon by the use of a strong axial magnetic

field are very good and we will outline below some of the steps

believed necessary to capitalize on this potential. The use of

strong transverse fields, while presently not attractive, per

se, for reducing striations, appears to offer unique

experimental opportunities for studying the physics of the float

zone process. The understanding which would result from

experiments designed to elucidate the energy and mass transport

occurring in the melt zone should also improve the control over

the growth in an axial field. Thus we see a two-pronged effort

for the future in which the existing growth apparatus, with its

strong field capabilities, is used to attack both practical and

theoretical aspects of float zone growth. The objective in any

future work, as was the case in the program just concluded,

would be to reduce as much as possible the unwanted dopant

fluctuations in detector-grade silicon. Excellent progress has

been made during the past year in developing a new growth method

essential to the pursuit of this objective. However, there

remain the tasks of extending the techniques to larger crystal

diameters, developing reliable methods for controlling the

dopant at preset levels, expanding the low fluctuation region to

include a larger fraction of the crystal volume, and developing

a stable growth method for non-rotating crystals in a strong

axial magnetic field.
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To carry out these tasks, we currently envision a program

structured to include the following elements:

Increased Crystal Diameter: More rf power is needed to
grow larger crystals. The present furnace power supply,
with an input rating of 35kW has limited growth to
diameters no larger than 30 M... This unit should be
replaced by one with an input power of at least 75 kW to
permit growth of 52 mm diameter crystals. The present
furnace arrangement with the quartz tube growth section is
capable of handling the additional rf power.

Stabilization of Non-rotating Cry stal Growth: New
experimental approaches must be developed. Possibilities
are inhomogeneous magnetic fields, perhaps even a return
to the tilted solenoid configuration or some other
combination of axial and transverse orientations. With
guidance from the theoretical modelling studies, other
options such as coil design modifications and the use of
cooling rings or heat shields should be considered.

Control of Homogeneous Core Region: More growth
experience is needed to establish the parameters
controlling both the size and dopant concentration of the
core. We anticipate that as the crystal diameter is
increased, the axial magnetic field needed to maintain a
stagnation region of useful size will also increase.
Therefore additions to the magnet system will be required.
These will probably take the form of larger coils with 120
to 150 turns each instead of the 88 turns now being used.
The increased turns will require a doubling of the dc
voltage presently used. This can be most easily
accomplished by acquiring a second power supply, identical
to the present one, and using one supply for each coil, in
place of the series arrangement now used. By this
technique we should be able, at minimum expense, to create
axial fields in excess of 8000 G.

Study of Float Zone Growth Physics: As an essential
ingredient in the above tasks, we need a better
understanding of the physical processes occurring during
crystal growth. Valuable inputs can come from modelling
studies of the float zone process, especially if they
include results from experiments designed to take
advantage of the unique opportunities afforded by the
magnetic field to perturb the flows within the melt
volume. Some exploratory work with IR&D funds has already
shown the feasibility of measuring temperature
fluctuations in the melt. These can be coupled with the
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spreading resistance analysis techniques employed in the
present work to characterize the turbulent fluctuations
that cause the fine striations. A joint effort with a
university research group interested in float zone theory
is seen as a pracical way in which to maximize the returns
from the unique experimental facility that has evolved
during the present program.

Experience on the present program strongly suggests that

any future programs ought to be planned with a time schedule

that is compatible with the nature of the experimental work.

The growth and analysis of even one crystal can easily extend

over a several month period. If the results are subsequently

reviewed and analyzed by a theortical group, then the next

growth iteration is even further delayed. It seems to us that

0the most effective way to proceed under these circumstances is

to plan a program that extends over a long period at a

relatively low average support level but which in fact will be

pursued in separated periods of concentrated activity

consisting, sequentially, of a small set of crystal growth

runs, sample preparation, sample measurements, analysis,

application of theory to define the next set of growth runs,

and modification of theory to fit the latest results. Since

these activities involve several different groups of

investigators, no one area will be continuously engaged on the

program, with the possible exception of the modelling activity

after the program has produced the first results. We believe

that such a progcam, extending over a three year period, would

be most effective in developing the methods to produce truly

"striation free" silicon.
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APPENDIX A

MAGNETIC FIELD INTERACTIONS

In support of the crystal growth experiments we have initiated a

small study of the effects of a magnetic field applied externally to float-

zone silicon. Since liquid silicon is a highly conductive fluid, and since we

are interested in fluctuations that vary slowly compared to electromagnetic

waves, ordinary magnetohydrodynamics is applicable. Application of an

external magnetic field in a conducting fluid causes two well-known effects:

an increased stiffness perpendicular to the field lines and an increased energy

dissipation due to Joule heating. Application of a magnetic field also

allows other modes of oscillation. Evaluation of the impact of an applied

field on the thermal instabilities present in float-zone silicon requires

knowledge of the relative strengths of effects in silicon.

A. DIMENSIONAL ANALYSIS OF FLOW

The relative size of separate physical effects in fluids is most

easily evaluated by using dimensional analysis and calculating various

dimensionless numbers. This has been done for float-zone silicon. Table A-i

summarizes the propertie of float-zone silicon that are needed to calculate

the dimensionless numbers. Table A-2 lists values of typical parameters, and

Table A-3 summarizes the dimensionless numbers.

Each line in Table A-3 yields certain key information. The Bond

number of 0.14 in line I indicates that surface tension dominates buoy-

ancy. The Hartmann number of 39 in line 3 is large enough, according to

Chandrasekhar's [A-6] calculations, to significantly increase the critical

Rayleigh number for instability. One would infer that the critical Marangoni

number for surface tension driven flow would also increase with an applied

external field, but no analysis of this has been found yet. The fact that

the Marangoni number calculated for a temperature gradient of 50*K/cm in line

4 exceeds the critical Marangoni number indicates that surface tension

instabilities occur. Likewise, from line 6 the fluid may be subject to

A-i
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'fable A-i. Summary of Si Properties

Reference

density P 2.5g/cm3  A-1, A-2

viscosity I' 8.8-10 3poise (g/cm3)cm2/s A-I

kinematic visc. v- 3.5-10-3 stokes -cm
2 /s Al, A-2

coeff of heat cond. k -0.077 cal/(cm*K) =3.2 lO6erg/(cm*K) A-I

thermometric cond. K =0.15 cm2/s (used Pr .~{=.023) A-I
K

melting point Tm =1410*C A-2

el. conductivity a =1.29-1O 4ohm-lcml1(14500G)

=1.16-10
1 6 s-1 A-2, A-3

diffusion coeff. D - 710-4 cm2 /s

thermal exp coeff. -2.5-10 50K-1  A-4

melt/vapor surf
*tension Y 720 dyne/cm A-1, A-5

surf. tens
gradient Jy/3T- 0.43 dyne/cm*K A-I

magnetic diffusivity n=6.2-103cm2/s A-6

* Table A-2. Typical Values for Float-Zone Silicon

L = 1cm horizontal length scale

h M 1cm vertical length scale

DTa 50*K/cm vertical temperature gradient

AT 50K/cm horizontal temperature difference

* from surface to c--nter

H =1000 gauss

12 rpm =1.3 rad/s

A- 2
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*Rayleigh instability for temperature gradients greater than about 40'K/cm.

The small Reynolds number in line 7 indicates that no ordinary turbulence

will be present. The Taylor number (line 8) is also well within the range

* . found by Chandrasekhar to increase critical Rayleigh numbers. The effect of

rotation on Marangoni flow has been studied recently by Chun [A-41, indicat-

ing that for our conditions the effects of rotation on Marangoni flow is not

significant to the extent of inducing appreciable changes in the flow pattern.

Forced convection due to crystal rotation, however, does interact with

Marangoni flow near the growth interfacial boundary layer to cause disruptions

in the striae (feathering).

*The preceding dimensional analysis suggests that Marangoni convection is

the dominant instability mechanism and that the next key task is to determine

the effect of an applied magnetic field on Marangoni convection.

Another plausible flow mechanism which is neglected is the flow induced

*by the electrodynamic force from the rf field. Since the magnitude of the

electrodynamic force is not known quantitatively, it is not possible at present

to assess whether the Marangoni or the rf stirring flow is the dominant flow.

Our results, however, are conslstent with those of Chun [A-4] for the Marangoni

flow. The striae pattern, as well as the frequency of the fine striae, and be

explained by the model proposed and observed by Chun [A-101.

B. INFLUENCE OF MAGNETIC FIELD ON FLOW PATTERNS

The detailed motion of small-scale fluctuations in float-zone silicon has

not been calculated to our knowledge, so it does not appear possible to make a

direct calculation of many magnetic field effects. It does appear feasible, how-

ever, to calculate the magnetic-field effects on a variety of simple flow pat-

terns in order to improve our understanding of what geometrics and strengths

cause what effects. Below are several illustrative calculations, modified for

float-zone silicon, and the application of calculations to understand the effects

of the magnetic field. In the discussions which follow, detailed mathematical

derivations are omitted, since these are available in the references.

A-4
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I. Hartmann Flows

a. Channel Flow

Consider flow between two infinite plane plates driven by a pressure

gradient dp/dx parallel to the plates. In the absence of a magnetic field,

the velocity, Vx, parallel to the plates is given by

S dp L2  1 Z2)

x 2 dx v(A-

where 2L is the separation of the plates, Z is the distance from the center

plane between the plates, and v is the kinematic viscosity. In the presence

of a magnetic field, Bo, across the channel the velocity becomesA- I1

x2 cosh Q 1/2 _ cosh (Q1/2 z/L)V 2dx L!/ 2I2 (A-2)

where Q 1/2 is the Hartmann number, defined by

1/2
Q 1/2 [aBo0 L1 

2

~ii 2 [aB 2j ,(A-3)

where a is the conductivity, P is the viscosity and c is the speed of light.

The effect of the magnetic field is to slow the flow down. Figure A-i shows a

plot of the peak velocity from Equation A-2 as a function of Q1 /2 , and as a

function of Bo in liquid silicon with L=1 cm. Note that a field of 500

gauss is sufficient to decrease the peak velocity by a factor of 10.

A-5
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Figure A-1. Channel flow wiht a transverse magnetic field. Peak velocity,
V, divided by V0 - I dp/2 dx L2 /v (V0  peak velocity with
no field), is plotted as a function of Hartmann number, and
as a function of magnetic field in liquid silicon.
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Figure A-2. Shear flow with a transverse magnetic field. Velocity, v, in
the flow divided by velocity of w,11l V(,, is plotted as a1
funiction of distance across the channel z/s.
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b. Shear Flow

Consider fluid between two infinite plates, one of which moves at

a velocity, Vo . Without a magnetic field, the flow pattern is a linear

shear,

v -V z/s , (A-4)

where s is the separation of the plates. With a magnetic field perpen-

dicular to the flow, the velocity becomesA
- 3

v/V =1 sinh(Q /2z/s) - sinh Q (1-z/s) (A5)
o 2 2 sinh Q1/2

Figure A-2 shows the flow velocity as a function of z/s for Bo - 0,100,500.

and 1000 gauss. Note that unlike the Channel flow the magnetic field

cannot stop the motion in this case. In order to decrease the total flow

across the field, however, the shear is localized into thin layers near the

walls; thus, the shear near the walls is actually increased due to the

magnetic field.

2. Convective Instability

a. Horizontal Magnetic Field, No Viscous Effects

Consider a conducting fluid of infinite horizontal extent, heated

from below. This situation, as seen in a boiling pot of water, is absolutely

unstable. If a horizontal magnetic field is applied to the fluid, the effect

is analogous to a horizontal tension added to the fluid. Whether or not the

magnetic field stabilizes fluctuations in such a fluid depends on the hori-

zontal scale of the fluctuations. In the absence of dissipative effects,

balancing the restoring force of the magnetic tension against the buoyant

force of a heated fluid element yieldsA
- 2
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0
B2

Qag > 0  (A-6)~ 2

where P is the density, a is the thermal expansion coefficient, t = dT/dZ

is the vertical temperature gradient, g is the acceleration due to gravity,

Bo is the magnetic field strength, and A is the length scale of the instabi-

lity. For the parameters listed in Tables Al and A2, Equation (A-6) implies

that fluctuations are stable up to about 900 cm in length. This result would

seem to indicate a tremendous stabilizing effect of a horizontal magnetic

field on vertical convection. Unfortunately, inclusion of dissipative effects

modifies this estimate substantially, as shown in the next section.

b. Horizontal Magnetic Field With Dissipative Effects

A dissipative fluid allows distorted magnetic field lines to slip back

through the fluid so that the stabilizing effect of the field is not nearly

as great as in a non-dissipative fluid. This is reflected in the smallest

length scale of unstable motion, which becomesA
- 12

KB2T K B

A2 , (A-7)
0 Qgc a

where K is the thermal diffusivity and n is the magnetic diffusivity.

Equation (A-7) yields (for parameters from Tables Al and A2)

A (cm)- 8 • 10-3Bo (gauss)

i.e, fluctuations less than 8 cm are stable or are damped out in a 1000-gauss

field.
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* C. Vertical Field

The case of Rayleigh instability in the presence of a vertical and

a diagonal magnetic field has been extensively analyzed by Chandrasekhar.

Figure A-3, which is illustrative of his results, shows that the critical

Rayleigh number jumps by about a factor of 10 for a Hartmann number squared

(Q) and equal to 1500 (Bo - 1000 gauss in silicon). The estimated Rayleigh

number in Table A-3, based on a vertical temperature gradient of 50°K/cm, is

2300. Application of a vertical magnetic field of 1000 gauss to the float-

zone silicon means that temperature gradients as high as 200°K/cm would not

produce Rayleigh instability. Gradients significantly higher than 50*K/cm

appear unlikely however, so the increase in critical Rayleigh number with

application of a vertical magnetic field is probably of limited relevance to

reducing buoyant fluctuations in the float-zone silicon.

3. Effect of Magnetic Field on Surface Tension Driven Instability

Consider a horizontal interface between two liquids (e.g, silicon and

the surrounding atmosphere). Following Pearson,A-13 the equation for the

surface tension change due to temperature variations across the interface is

given by

PV 12v (l y  2 T) (A-83Z2 / T

where x and y are in the plane at the surface and z is perpendicular,v is the

velocity perpendicular to the surface, (-3Y/3T) is the temperature coefficient

I of the surface tension, and V1
2 . a2 /3x2 + 32/ay 2 . The equation for the tem-

-perature isA - 1 3

-K v2T V, (A-9)

where 8-T/az. If a constant magnetic field, Bo, is added parallel to the

interface in the y direction, Equation (A-8) becomes

A-9
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* Figure A-3. The variation of the critical Rayleigh number, Re,

for the onset of instability as a function of Q for
the three cases: (i) both bounding surface free
(curve labeled aa); (ii) one bounding surface free
and the other rigid (curve labeled b); and (iii)
both bounding surfaces rigid (curve labeled cc).
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Figure A-4. Geometry of surface distortion with magnetic field.
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2PV -_ + - B • Vb T),V (A-10)

3z2 4 TY '

where b is the perturbation in the field due to a distortion of the surface,

as shown in Figure A-4. The magnetic field perturbation can be related to

the velocity, v, through Maxwell's equation,
A - 3

Bo " V V + n V 2 b o (A-Il)

Combining Equations (A-9), (A-10) and (A-Il) yields a relation for the

magnetic field strength required for the magnetic tension to balance the

decrease in surface tension. Thus

B2  41 (a Y/3 T) 8n(A12B 0 K (

and

Bo  = 3300 gauss

for parameters in Table A-I and 8 50*K/cm. It should be noted that this
-." magnetic field will stabilize only those fluctuations whose wavevector has a

* component along Bo . There is no effect on fluctuations with wavevectors

perpendicular to Bo because Bo" v -+o in this case.

- 4. Other Instabilities

ChandrasekharA- 6 discusses a number of other instabilities in the

presence of a magnetic field. These include the Rayleigh-Taylor and Kelvin-

Helmholtz instabilities for two layers of fluid of different densities,

* instability of Couette flow inside two concentric cylinders rotating at

.[ different rates, and capillary instability of a liquid jet. These results,

* while interesting, appear to be of limited usefulness in this study because

float-zone silicon does not appear to undergo any of these instabilities.

A-i
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That is, the critical number for these instabilities evaluated for float-zone

silicon lies below the unstable transition, or the basic conditions necessary

for instability are not present in float-zone silicon. These calculations

do, however, illustrate that the magnetic field can act like surface tension

in reducing instability. For instance, in the Rayleigh-Taylor instability a

horizontal magnetic field acts like a surface tension,Teff,of the form,-6

2
T B 2 (A-13)
eff 2-k cos 0

where k is the wavevector of the instability and 0 is the angle between

k and B. If k = 2n/lcm, and 0 - 0, then a field of 1000 gauss is equivalent

to a surface tension of 2.5"104 dyne/cm, compared to 720 dyne/cm in Si.

It should be noted, of course, that for disturbances that have wavevectors

perpendicular to B, Teff - 0, and the field has no effect.

The calculations on capillary instability are equally instructive in that

they show the effect of dissipation on field strengths required for stabililty.

Without dissipation, Chandrasekhar finds that field strengths of

... 1/2
- > (A-14)

"will stabilize the jet for varicose deformations of all wavelengths" (p. 545).

(Y is the surface tension and R is the radius of the fluid.) For Y = 720

dyne/cm and R - I cm this yields B - 67 gauss. Inclusion of dissipation

yields

]2>8 0 1/2

B 801m (A-15)
B0

or B > 8000-gauss. Incidentally, if we use Equation (A-14) with (3y/aT)AT

replacing Y, we obtain B > 3400 gauss for AT 50*K. This last result

should be interpreted only as dimensional analysis.
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5. Discussion

Several interim conclusions can be extracted from the preceding sections.

First, in terms of Hartmann flow, the difference between fields of 100 and

500 gauss is great, while the added effect of going from 500 to 1000 gauss is

not great. Second, a field of 1000 gauss should have the effect of stopping

most of the flow across the field, but we should expect larger shears at the

liquid-solid interface and we should expect to lose some of the stabilizing

effects of rotation. Third, a vertical field may be more useful for sup-

pressing Marangoni convection since in this case the field lines have a

component in the surface of the silicon on all sides of the float zone.

Fourth, there is some indication that fields over 2000 gauss may be required

to compete with surface tension.

Two additional calculations may prove instructive. First, the simple

Marangoni instability calculations of PearsonA- 1 3 should be generalized to

include a magnetic field. This would indicate the accuracy of the simple

result of B > 3300 gauss given by Equation (A-12). Second, the effect of a

magnetic field on a more realistic flow for float-zone silicon should be

calculated. Hill's spherical vortexA- 14 is one simple flow that could be

used, since it appears similar to some of the computer-calculated flows for
A-4

the float-zone geometry.
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APPENDIX B

DATA PROCESSING PROCEDURES

Introduction of computer-based data collection and

processing techniques into the spreading resistance measurements

has made possible a more quantitative and less subjective

treatment of experimental results. In this appendix we will

explain the terminology employed and the methods of analyzing

the results of spreading resistance measurements on polished

surfaces that are oriented parallel to the growth axis of the

crystals.

A. DATA FILE DESIGNATIONS

Because several spreading resistance scans can be taken on

one sample, we need a way of keeping track of each scan as well

as the specimen from which it was obtained. The system adopted

to identify each data record has proved workable although it is

probably not the most efficient that could be generated. The

principal deficiency that we see now is that there is not a good

way for keying each individual scan to a specific region of the

crystal without a carefully prepared map. Perhaps there is no

alternative to th- present system, but it has been inconvenient

at times to have to consult a crystal map to correlate the

spreading resistance data with a particular 3et of growth

conditions. It would also be convenient if we could store and

then recall files by selected criteria such as magnetic field

strength, rotation rate, or growth rate. The best that we have

been able to do so far is to identify the crystal, the type of

scan, and the approximate position of the scan relative to the

growth axis.

The scan identification method used in this report is

arranged as follows: The file is identified as a spreading

resistance file by the letters "SR." These are followed by the

crystal number that was assigned by the grower. If the
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spreading resistance data were obtained by the double probe

method then the crystal number is followed by a "D"; and if by

a single probe only, then by an "S." A further designation in

the file name is used to identify a file from which all

extraneous or incorrect points in the original data have been

eliminated. These "bad" points often arise from dirt or

scratches on the sample surface and if not excised from the data

record would severely perturb the FFT analyses. To avoid such

problems we have provisions in the computer program allowing

removal of these bad points before beginning the FFT analysis.

Thus, before each analysis, we generate a file of "original"

data, free from bad points, to serve as the basis for all

subsequent FFT analyses on that data set. A file reworked in

this manner is indicated by a "P" in the file name If the data

file is the result of an FFT operation on a "P" file then the

letter "F" is used to identify such files which are

differentiated from each other by a number or letter assigned

when they were generated. The sum of the above designations

uses up the alloted spaces in the file name.

A three-character extension to the file name is available

to indicate the direction and position of the scan relative to

the growth axis. If the scan parallels the axis, then an "A" is

used for the first character. If the scan is perpendicular to

the axis and is tnus in a radial direction, then an "R" is used.

The second character of the extension designates the position on

the sample for the axial scans. The designating letters are "C"

for scans taken along the axis (center), "H" for those

positioned half-way between the axis and the edge of the

crystal, and "E" for scans near the edge. The numeral which

follows the two letters in the extension is just the record of

the sequence in which the scans were made. This sequence has

meaning only to the operator of the spreading resistance

apparatus who records this sequence in a notebook on a map of
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the crystal for future reference. Typical file names are as

follows:

SR285SF4.AEl. This file is the fourth FFT generated from
data obtained with a single probe information about the
scan and the growth conditions it covers must be obtained
from records kept by the person making the scan.

SR292DP.AH3. This file contains the corrected original
data taken with a double probe in the third axial scan of
crystal Z292 at a position half-way between the axis and
the edge. Further information must be obtained from log
books.

B. GRAPHICAL PRESENTATION OF DATA

In the graphs shown throughout this report, the axes for

the plots are those which are natural to the collection of the

spreading resistance data and not necessarily those that would

be chosen for analyzing the growth behavior. The abscissa in

the original data plots is distance, in centimeters, and the

ordinate is resistance as recorded by the spreading resistance

probe. These units are retained for convenience when the FFT

spectra are calculated even though we would prefer to have

answers in the form of temporal frequencies rather than spatial

frequencies. Conversion from reciprocal centimeters to

reciprocal seconds is readily done using the specific growth

rate for each crystal. The ordinate, expressed in the units

"ohms times root centimeter per ohms average," is used primarily

to indicate the fractional power per "frequency" interval,

normalized by the aver, ge resistance, RAVG. The units

themselves are not of any fundamental importance. The division

by the average resistance of the data set provides a

normalization which is convenient when comparing data from

samples with differing resistivities.

The spatial resolution available from a data set is

dependent upon the spacing of the original data points. We have

worked with single probes at point spacings of 5, 10, and 20 um
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and double probes at 20 pm only To work at the 5-um spacing

requires careful monitoring of the probe footprints and frequent

reconditioning of the probe tips. At the 5-um spacing, the data

give a spatial frequency of 1000 reciprocal centimeters, which

corresponds to a temporal frequency of 6.7 Hz at the usual

growth rate of 4 mm/min (10 inches/hr). This appears to be the

practical upper frequency limit for this method of fluctuation

analysis.

C. PROCESSING OF SPREADING RESISTANCE DATA

With the aid of the computer we are able to perform several

different operations on the data collected by the Solid State

• Measurements Inc. Model ASR 210 spreading resistance apparatus.

The objective of these operations is to improve the

interpretation of the data by providing quantitative measures of

* -features which are associated with the crystal growth, but which

- may not be obvious in the raw data. The basic manipulation of

the data is to use a Fourier transform to shift from the spatial

to the frequency domain. In this manner one can identify

temporal frequencies in which an unusual amount of power is

concentrated. Such concentrations should be related to the

dynamics of the crystallization process. For the clearly

- recognizable rotational frequencies (e.g., Figure 12), the FFT

spectrum does not provide much additional insight. Its main

value lies rather in the analysis of less obvious features, such

as those presented in Figure 17.

In addition to the FFT analysis, the computer program will

calculate the mean (arithmetic average) and standard deviation

of any subset of data points in a file. We have found this

feature of great value in identifying shifts in the doping level

which are not always easily determined by visual inspection of

the "noisy-looking" data. As yet we do not have a full

appreciation of the origin and significance of the high
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frequency fluctuations which seem always to be present. We

expect that with more experience in working with such data we

will gain better insights and appreciation for the information

content of these spreading resistance files.

One of the obvious problems associated with the analysis of

the FFT power spectral density plots is that there is always a
noise-like component present that may mask the information being

sought about flow-generated fluctuations in the melt. At this

time we have no unique means to separate the "noise" from the

"information." It may even be the case that the "noise" is the

only information. However, to minimize the contribution to the

FFT spectra of truly random events, we have adopted a method of

averaging the spectra to reduce the impact of the random

fluctuations.

For example, each of the curves plotted in Figure 17 has

been generated by the following averaging process which has

proved to be very useful. A region of spreading resistance data

representing a constant growth condition is selected for an FFT

operation; the resulting spectrum for this subset of data is

stored in the computer. The number of points in the subset is

some multiple of two, such as 128, 256, 512 or 1024, the size of

the subset being dependent upon the size of the original data

set. The computer then selects a new subset that has been

shifted by a preselected number of points from the first subset

and that contains the same number of points. Another FFT

spectrum is taken and added to the first one. This operation is

repeated as many times as is desired. The maximum number of

spectra contributing to the average is limited by the size of

the original data set. The individual FFT spectra thus obtained

are then averaged by the computer to obtain an overall FFT

spectrum which retains the frequency components characteristic

of the data set and suppresses the random noise components.

This method is referred to as a "SLiding average" and is
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indicated by the letters "SL" in the file description. For

example, file SR292SFJ.AE5 in Figure 17 has the description

* "SL 1,512,100,4" to indicate that the region contributing to the

spectrum started at point 1 of the original data set, that 512

points were used in each FFT operation, that each successive

subset of points was 100 points farther into the set than the

previous subset, and that 4 such subsets contributed to the

average. Thus the averaged spectrum started at point 1 and

covered the original data out to point 812. In this fashion we

have been able to treat a region with a point count that was not

an exact multiple of two and have also reduced the influence of

random (non-periodic) events.

If, on the other hand, the region of interest happens to be

of such a size that an FFT operation on 512 or 1024 points is

appropriate, we can then select that region out of the original

data set for the generation of the FFT spectrum. In this case

* the descriptor is "SE" to indicate a SElected region for the

operation. For example, in Figure 15, the dashed curve, file

SR285SF7.AH1, starts on point 488 of the original data set and

goes for the next 512 points. The "PO" indicates that the

"POwer spectrum" operation was performed on this data subset.

While this operation was often used early in our data

*processing, we have come to use the sliding average method much

* more frequently. It seems to give spectra that are not so
cluttered with "spikes" and should thus improve our chances of

detecting any frequencies characteristic nf the melt behavior.
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In the FFT treatment of the data we have the further option

of selecting a "normal" window which truncates the data abruptly

at the limits of the region chosen or we can employ a "hanning"

window* which provides an apodization that reduces the amplitude

of the data gracefully to zero at each end of the region

selected for analysis. The hanning window reduces the high

frequency components associated with the abrupt end truncations,

but only does so at the sacrifice of some of the resolution

given by the normal FFT spectrum. We have experimented with

both methods on several different types of spreading resistance

input data and have yet to see a clear-cut advantage of one

method over the other. We expect to continue such comparisons

in the future with any new types of data that may be collected.

The data in Figures 15 and 17, as well as the other

processed data in this report, are all obtained by the use of

the normal window.

The Measurement of Power Spectra, R. B. Blackman and
0 J. W. Tukey, (Dove--Publ. Inc., NY, 1959) p. 14.
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